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(54) SOI SUBSTRATE AND PROCESS FOR PREPARING THE SAME, AND SEMICONDUCTOR 
DEVICE AND PROCESS FOR PREPARING THE SAME 



(57) When producing an SOS substrate by growing 
a silicon layer on a sapphire substrate, or when produc- 
ing an SOI substrate by depositing an oxide layer or a 
fluoride layer, as an intermediate layer, on a silicon sub- 
strate, and growing a silicon layer on the deposited 
layer, (A) after growth of the silicon layer, heat treatment 
is performed in an oxidizing atmosphere to oxidize a 
part of a surface side of the silicon layer, and the result- 
ing silicon oxide layer is removed by etching with 
hydrofluoric acid. (B) With this silicon layer as a seed 
layer, a silicon layer is regrcwn homoepitaxially thereon. 
When producing an SOS substrate by growing a silicon 
layer on a sapphire substrate, or when producing an 
SOI substrate by depositing an oxide layer or a fluoride 
layer, as an intermediate layer, on a silicon substrate, 
and growing a silicon layer on the deposited layer, (C) 
after growth of the silicon layer, the silicon layer is 
heated in a hydrogen atmosphere; or (D) while the sili- 
con layer is being grown, its growth is suspended, and 
the silicon layer is heat treated in a hydrogen atmos- 
phere to improve the surface flatness and crystallinity of 
the silicon layer, whereafter epitaxial growth of the sili- 
con layer is performed again. Thus, a highly crystalline, 
highly oriented SOI substrate with few defects and min- 
imal surface roughness is obtained. The formation of a 
semiconductor device with the use of this SOI substrate 



with few defects, high crystallinity and high orientation, 
and minimal surface roughness results in the acquisi- 
tion of a semiconductor device with excellent device 
performance, such as high speed. low flicker noise, high 
drain breakdown voltage, and high ESD. 
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Description 

TECHNICAL FIELD 

[0001] This invention relates to a semiconductor s 
substrate having a single crystalline silicon semicon- 
ductor layer formed on an insulator layer, such as a sili- 
con on insulator (SOI) substrate or a silicon on sapphire 
(SOS) substrate, and a method for producing the semi- 
conductor substrate. More specifically, the invention io 
relates to a semiconductor substrate having a silicon 
layer with minimal dislocation or few defects and with 
satisfactory surface flatness, and a method for produc- 
ing the semiconductor substrate. The invention also 
concerns a semiconductor device formed on the semi- is 
conductor substrate, and a method for producing the 
semiconductor device. 

BACKGROUND ART 

20 

[0002] SOI and SOS have been known as substrate 
materials having a structure in which a single crystalline 
silicon semiconductor layer is formed on an insulator. In 
the present specification, semiconductor substrates 
(including the SOI substrate and the SOS substrate) 25 
having a single crystalline silicon semiconductor layer 
formed on an insulator layer are collectively called SOI 
substrates. These SOI substrates are applied widely to 
the preparation of devices, and surpass ordinary silicon 
substrates in the following respects: 30 

( 1 ) Excellency in high speed characteristics 
because of decreased parasitic capacitance 

(2) High resistance to soft error 

(3) Latch up free 35 

(4) Omissibility of the well forming process 

[0003] To realize these advantages in device per- 
formance, the following methods for producing the SOI 
substrates have been available: *o 

(i) Bonding method: A silicon single crystalline sub- 
strate is bonded to another silicon single crystalline 
substrate, whose surface has been thermally oxi- 
dized, by heat treatment or with the use of an adhe- <s 
sive, and then one of the silicon layers is converted 

to a uniform thin film by mechanical polishing or 
chemical etching. 

(ii) SIMOX (separation by ion implanted oxide) 
method: Oxygen ions are implanted into a silicon so 
substrate, and then this substrate is heat treated to 
prepare a buried Si0 2 (silicon oxide) layer in the sil- 
icon substrate. 

(iii) Solid phase epitaxial growth method: The sur- 
face of a silicon substrate is oxidized, whereafter a ss 
window is opened in a part of the resulting oxide 
film to expose the silicon substrate, on which an 
amorphous silicon layer is grown. Then, heat treat- 



ment is applied to crystallize the amorphous silicon 
layer by lateral solid phase epitaxial growth, starting 
at the portion in contact with the exposed silicon, 
(iv) Heteroepitaxial growth method: A single crystal- 
line silicon layer is grown on an insulating oxide 
substrate, or the oxide or fluoride layer which is 
deposited on a silicon substrate by CVD or the like. 

[0004] However, these methods have both merits 
and demerits, and still remain problematical in produc- 
tivity and quality. With the bonding method, for example, 
the silicon substrate itself needs to be formed into a thin 
film, but it is extremely difficult to etch or polish the sili- 
con substrate accurately and uniformly to a thickness of 
1 ^im or less. The SIMOX method has been studied for 
a long time, but has posed problems about productivity 
and cost, because a large amount of oxygen ions must 
be implanted into the silicon substrate in order to form 
the buried oxide film of Si0 2 in the silicon substrate. 
This method also involves the problems of many crystal- 
line defects present in the silicon layer, and the pres- 
ence of defects, called pipes, in the buried oxide film. 
[0005] In addition, the bonded SOI substrate and 
the SIMOX substrate have the drawbacks that the drain 
breakdown voltage and the ESD (electrostatic dis- 
charge) of a device prepared thereon (e.g., a field effect 
transistor) are low. These are problems about quality. 
The drain breakdown voltage refers to a phenomenon 
encountered with the device being an FET (field effect 
transistor), the phenomenon that when the device acts 
as an FET, hot carriers occurring in the junction 
between the body and the drain accumulate in the body, 
abruptly increasing a drain current flowing among the 
drain, the body and the source, and lowering the break- 
down voltage. The ESD refers to breakdown voltage at 
which the device is broken by an electric shock such as 
static electricity. According to the specifications, the 
value of this parameter is 2,000 V, at which devices can 
usually withstand the static electricity generated by a 
human. 

[0006] As one of the SOI technique, the SOS tech- 
nology is known. The SOS substrate has been used 
mainly for devices requiring radiation hardness in addi- 
tion to the features of the SOI substrate, such as small 
parasitic capacitance. The SOS substrate has features 
that noise throughout this substrate is low, because of a 
thick insulating layer. With the SOS substrate, moreo- 
ver, the life time of carriers at the interface between the 
silicon layer and sapphire is short. When the FET 
works, therefore, hot carriers occurring in the junction 
between the body and the drain immediately recom- 
bine, and minimally accumulate in the body. Hence, the 
current flowing among the drain, the body and the 
source does not increase rapidly, so that the breakdown 
voltage does not decrease. That is. high drain break- 
down voltage is a remarkable feature of the SOS sub- 
strate. However, the SOS substrate is prepared by 
heteroepitaxial growth of silicon on a sapphire sub- 



2 



3 EP 1 037 272 A1 4 



strate. Differences in lattice constant and thermal 
expansion coefficient between the silicon layer and the 
sapphire substrate (a-AI 2 0 3 ) lead to many crystalline 
defects and great surface roughness, which are remain- 
ing as problems. 5 
[00071 As an SOI substrate having an intermediate 
layer, such as an oxide layer or a fluoride layer, on a sil- 
icon substrate, and a single crystalline silicon layer epi- 
taxially grown on the intermediate layer, the one having 
an intermediate layer of, that is, y-AI 2 0 3 is known (Jap- 10 
anese Patent Application Laid-open No. 1-261300 
(1989)). With such an SOI substrate, it is similarly 
expected that the file time of carriers at the interface 
between the silicon layer and the intermediate layer will 
be short, and thus high drain breakdown voltage com- is 
parable to that of the SOS substrate will be obtained. 
This type of substrate also has the problems of poor 
crystallinity and large surface roughness of the silicon 
layer due to differences in lattice constant and thermal 
expansion coefficient. 20 
[0008] A method known to improve the crystallinity 
of the silicon layer in the SOS substrate involves 
implanting silicon ions into the silicon layer to make the 
interface with the sapphire amorphous, and then 
annealing the layer to recrystaliize it (USP 4177084). 25 
According to this method, the silicon layer has fewer 
crystalline defects and higher crystallinity than that het- 
eroepitaxially grown on a sapphire substrate, but still 
has about 10 9 crystalline defects, especially stacking 
faults, per cm 2 remaining therein. 30 
[0009] The silicon layer in these SOS substrates 
and SOI substrates also has the problem that the den- 
sity of crystalline defects is higher at a site closer to the 
interface with the insulating substrates or the insulating 
layer on silicon substrate. This means that very many 35 
crystalline defects are contained in a thin silicon layer 
with a thickness of 0.05 to 0.3 um, as in the case of 
preparation of a high speed, low electric power con- 
sumption device. 

[0010] The silicon layer in these SOS substrates 40 
and SOI substrates, moreover, is poor in orientation, 
and may include components of a (HO)-plane or a 
(111)-plane in a (OOl)-piane. In addition, the silicon 
layer in these SOS substrates and SOI substrates 
include distortion, because of a large difference 45 
between the lattice constant of the (001)-plane grown 
parallel to the substrate surface and the lattice constant 
of a (100)-plane grown perpendicular to the substrate 
surface. 

[001 1 ] Compared with the bonded SOI substrate or so 
the SIMOX substrate, the SOS substrate or the SOI 
substrate with an intermediate layer, such as an oxide 
layer or fluoride layer, deposited on a silicon substrate is 
poor in the crystallinity and surface flatness of the sili- 
con layer. If a semiconductor device, such as MOSFET ss 
(metal-oxide-semiconductor field effect transistor), is 
formed on any of these substrates, flicker noise may be 
caused, or the operating performance or reliability of the 



FET may be deteriorated due to a decrease in break- 
down voltage, ESD, effective mobility or transconduct- 
ance. 

[0012] As a method for improving the surface flat- 
ness of the silicon layer, it is known to heat-treat a 
bonded SOI substrate, having an insulator layer of Si0 2 , 
in a deoxidizing atmosphere (see Japanese Patent 
Application Laid-open No. 5-217821 (1993)). This 
method improved flatness, but showed no improvement 
in drain breakdown voltage or ESD, because the under- 
lying layer is Si0 2 . 

[0013] To ensure reliability of the device, it is pre- 
ferred for the drain breakdown voltage or ESD to be 
higher. In an SOS substrate, or an SOI substrate having 
an intermediate layer, such as an oxide layer or fluoride 
layer, deposited on a silicon substrate, and a crystalline 
silicon layer epitaxially grown on the intermediate layer, 
it will be extremely useful for the performance and relia- 
bility of the device if the crystallinity and surface flatness 
of the silicon layer are improved, whereby the device 
performance ascribed to these properties is upgraded, 
or if the drain breakdown voltage or ESD is further 
increased. 

DISCLOSURE OF THE INVENTION 

[0014] The present invention aims to solve the 
problems with the conventional SOS substrate, or the 
conventional SOI substrate having an intermediate 
layer, such as an oxide layer or fluoride layer, deposited 
on a silicon substrate, and a silicon layer epitaxially 
grown on the intermediate layer; to provide an SOI sub- 
strate satisfactory in crystallinity and surface flatness, 
and having a crystalline defect density uniformly low in 
the depth direction; and to provide a semiconductor 
device having excellent properties, such as high speed, 
low flicker noise, high drain breakdown voltage, and 
high ESD, the semiconductor device being formed on 
the SOI substrate. 

[0015] Under these circumstances, the inventors of 
the present invention found the following facts when 
producing an SOS substrate by growing a silicon layer 
on a sapphire substrate, or when producing an SOI sub- 
strate by depositing an oxide layer or a fluoride layer, as 
an intermediate layer, on a silicon substrate, and grow- 
ing a silicon layer on the deposited layer: (A) After 
growth of the silicon layer, heat treatment is performed 
in an oxidizing atmosphere to oxidize a part of the sili- 
con layer on its surface side. The resulting silicon oxide 
layer is etched with hydrofluoric acid, whereby a highly 
oriented silicon layer with few defects is left behind. (B) 
This silicon layer is used as a seed layer, and a silicon 
layer is regrown homoepitaxially on the seed layer, 
whereby a highly crystalline, highly oriented silicon layer 
with very few defects can be formed. These findings led 
the inventors to accomplish the present invention. 
[0016] The inventors also found the following facts 
when producing an SOS substrate by growing a silicon 
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layer on a sapphire substrate, or when producing an 
SOI substrate by depositing an oxide layer or a fluoride 
layer, as an intermediate layer, on a silicon substrate, 
and growing a silicon layer on the deposited layer: (C) 
After growth of the silicon layer, the silicon layer is 
heated in a hydrogen atmosphere, whereby the crystal- 
linity and surface flatness of the silicon layer are mark- 
edly improved. (D) While the silicon layer is being 
grown, its growth is interrupted, and the system is heat 
treated in a hydrogen atmosphere to improve the sur- 
face flatness and crystallinity of the silicon layer. Then, 
epitaxial growth of the silicon layer is performed again. 
As a result, there can be prepared a silicon layer very 
satisfactory in surface flatness and minimal in disloca- 
tion or defects due to the lattice mismatch, that is a 
problem with heteroepitaxial growth. These findings led 
the inventors to accomplish the present invention. 
[001 7] The inventors further found the following fact 
when MOSFET, for example, is formed on an SOI sub- 
strate prepared by the above described manufacturing 
method, the SOI substrate having few defects, having 
high crystallinity and high orientation, and minimal in 
surface roughness, its performance can be remarkably 
improved, such as increases in operating speed and 
ESD, and a decrease in flicker noise, in comparison with 
conventional products. This finding led the inventors to 
accomplish the present invention. 
[0018] That is. an SOI substrate claimed in claim 1 
of the present invention is an SOI substrate comprising 
an insulating layer on silicon substrate, and a crystalline 
silicon layer epitaxially grown on the insulating layer on 
silicon substrate, the insulating layer on silicon sub- 
strate being composed of a single crystalline oxide sub- 
strate, or a multiple-layer substrate comprising a silicon 
substrate and a crystalline oxide layer or fluoride layer 
deposited on the silicon substrate, wherein the defect 
density of the crystalline silicon layer is not more than 4 
x l0 8 /cm 2 , and the surface roughness of the crystalline 
silicon layer is not more than 4 nm but not less than 0.05 
nm. 

[0019] An SOI substrate claimed in claim 2 of the 
present invention is the SOI substrate of claim 1, 
wherein the defect density of the crystalline silicon layer 
is not more than 4 x 10 8 /cm 2 in an entire depth direc- 
tion. 

[0020] An SOI substrate claimed in claim 3 of the 
present invention is the SOI substrate of claim 1, 
wherein the defect density of the crystalline silicon layer 
is not more than 1 x l0 7 /cm 2 . 

[0021] An SOI substrate claimed in claim 4 of the 
present invention is the SOI substrate of claim 1, 
wherein the defect density of the crystalline silicon layer 
is not more than 1 x 10 7 /cm 2 in an entire depth direc- 
tion. 

[0022] An SOI substrate claimed in claim 5 of the 
present invention is the SOI substrate of claim 1, 
wherein the full width at half maximum of the X-ray dif- 
fraction rocking curve of a (004)-peak in the crystalline 



silicon layer; grown parallel to the surface of the sub- 
strate, is not more than 1 ,000 arcsec but not less than 
100 arcsec. 

[0023] An SOI substrate claimed in claim 6 of the 

5 present invention is the SOI substrate of claim 1, 
wherein the lattice constant of a silicon (100)-plane in 
the crystalline silicon layer perpendicular to the surface 
of the substrate is not less than 5.41 angstroms but not 
more than 5.44 angstroms. 

io [0024] An SOI substrate claimed in claim 7 of the 
present invention is the SOI substrate of claim 1, 
wherein the lattice constant of a silicon (OOI)-plane in 
the crystalline silicon layer parallel to the surface of the 
substrate is not more than 5.44 angstroms but not less 

15 than 5.41 angstroms. 

[0025] An SOI substrate claimed in claim 8 of the 
present invention is the SOI substrate of claim 1, 
wherein the ratio of the lattice constant of a silicon 
(001)-plane in the crystalline silicon layer parallel to the 

20 surface of the substrate to the lattice constant of a sili- 
con (100)-plane in the crystalline silicon layer perpen- 
dicular to the surface of the substrate is not more than 
1 .005 but not less than 0.995. 

[0026] An SOI substrate claimed in claim 9 of the 

25 present invention is the SOI substrate of claim 1, 
wherein the ratio of the intensity of a 220 -reflection to 
the intensity of a 004-reflection in the crystalline silicon 
layer parallel to the surface of the substrate, both reflec- 
tions determined in X-ray diffraction measurement, is 

30 not more than 0.1. 

[0027] An SOI substrate claimed in claim 10 of the 
present invention is the SOI substrate of claim 1, 
wherein the insulating layer on silicon substrate is the 
single crystalline oxide substrate, and the single crystal- 

35 line oxide substrate is a sapphire substrate. 

[0028] An SOI substrate claimed in claim 1 1 of the 
present invention is the SOI substrate of claim 1, 
wherein the insulating layer on silicon substrate is the 
multiple-layer substrate, and the crystalline oxide layer 

40 deposited on the silicon substrate as a substrate of the 
multiple-layer substrate comprises any of a-AI 2 03, y 
Ai 2 03, e-AI 2 0 3 . MgO-AI 2 0 3 , Ce0 2 , SrTi0 3 , (Zr t _ 
x.YOOy p b(Zr,Ti)03, LiTa0 3 , and LiNb0 3 , and the fluo- 
ride layer comprises CaF 2 . 

45 [0029] A method for producing an SOI substrate 
claimed in claim 1 2 of the present invention is a method 
for producing an SOI substrate having a silicon layer 
with a low defect density formed on an insulating layer 
on siliccr substrate, comprising the steps of: 

50 

(a) forming a silicon layer on the insulating layer on 
silicon substrate; 

(b) heat treating the silicon layer in an oxidizing 
atmosphere to oxidize a part of a surface side of the 

55 silicon layer; and 

(c) removing a silicon oxide film formed in the pre- 
ceding step (b) by etching. 
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[0030] A method for producing an SOI substrate 
claimed in claim 13 of the present invention is a method 
for producing an SOI substrate having a silicon layer 
with a low defect density formed on an insulating layer 
on silicon substrate, comprising the steps of: 5 

(a) forming a first silicon layer on the insulating layer 
on silicon substrate; 

(b) heat treating the first silicon layer in an oxidizing 
atmosphere to oxidize a part of a surface side of the 10 
first silicon layer; 

(c) removing a silicon oxide film formed in the pre- 
ceding step (b) by etching; and 

(d) epitaxially growing a second silicon layer on the 
remaining first silicon layer. 15 

[0031] A method for producing an SOI substrate 
claimed in claim 14 of the present invention is the 
method of claim 13, further comprising repeating the 
steps (b) to (d) two or more times on condition that a sil- 20 
icon layer formed in the step (d) is regarded as the first 
silicon layer formed in the step (a). 
[0032] A method for producing an SOI substrate 
claimed in claim 15 of the present invention is the 
method of any one of claims 12 to 14, wherein the oxi- 25 
dizing atmosphere contains a gas mixture of oxygen 
and hydrogen, or contains steam. 
[0033] A method for producing an SOI substrate 
claimed in claim 16 of the present invention is the 
method of any one of claims 12 to 14, wherein the tern- 30 
perature of heat treatment in the oxidizing atmosphere 
is not lower than 600°C but not higher than 1 ,300°C. 
[0034] A method for producing an SOI substrate 
claimed in claim 17 of the present invention is the 
method of any one of claims 12 to 14, wherein the tern- 35 
perature of heat treatment in the oxidizing atmosphere 
is not lower than 800°C but not higher than 1 ,200°C. 
[0035] A method for producing an SOI substrate 
claimed in claim 18 of the present invention is the 
method of claim 13 or 14, wherein the temperature for 40 
epitaxial growth of the second silicon layer on the 
remaining first silicon layer is not lower than 550°C but 
not higher than 1 ,050°C. 

[0036] A method for producing an SOI substrate 
claimed in claim 19 of the present invention is the 45 
method of claim 13 or 14, wherein the temperature for 
epitaxial growth of the second silicon layer on the 
remaining first silicon layer is not lower than 650°C but 
not higher than 950°C. 

[0037] A method for producing an SOI substrate so 
claimed in claim 20 of the present invention is the 
method of claim 13 or 1 4, wherein the remaining first sil- 
icon layer is heat treated in a hydrogen atmosphere or in 
a vacuum before the step of epitaxially growing the sec- 
ond silicon layer on the remaining first silicon layer. 55 
[0038] A method for producing an SOI substrate 
claimed in claim 21 of the present invention is the 
method of claim 13 or 14, wherein no silicon oxide is 



formed on the surface of the remaining first silicon layer 
or in the second silicon layer in the step of epitaxially 
growing the second silicon layer on the remaining first 
silicon layer. 

[0039] A method for producing an SOI substrate 
claimed in claim 22 of the present invention is the 
method of claim 13 or 14, wherein the base pressure of 
a growth chamber in an apparatus used in epitaxially 
growing the second silicon layer on the remaining first 
silicon layer is set at 10" 7 Torr or less. 
[0040] A method for producing an SOI substrate 
claimed in claim 23 of the present invention is the 
method of claim 13 or 14, wherein a method for epitaxi- 
ally growing the second silicon layer on the remaining 
first silicon layer is UHV-CVD or MBE. 
[0041] A method for producing an SOI substrate 
claimed in claim 24 of the present invention is the 
method of claim 13 or 14, wherein when epitaxially 
growing the second silicon layer on the remaining first 
silicon layer, a growth temperature is set to be high only 
at an initial stage of growth. 

[0042] A method for producing an SOI substrate 
claimed in claim 25 of the present invention is the 
method of claim 24, wherein a method for epitaxially 
growing the second silicon layer is APCVD or LPCVD. 
[0043] A method for producing an SOI substrate 
claimed in claim 26 of the present invention is the 
method of claim 12, further including the step of heat 
treating the SOI substrate in a nitrogen atmosphere 
after the step of removing the silicon oxide film by etch- 
ing. 

[0044] A method for producing an SOI substrate 
claimed in claim 27 of the present invention is the 
method of claim 13 or 14, further including the step of 
heat treating the SOI substrate in a nitrogen atmos- 
phere after the step of epitaxially growing the second 
silicon layer. 

[0045] A method for producing an SOI substrate 
claimed in claim 28 of the present invention is the 
method of claim 26 or 27, further including the step of 
heat treating the SOI substrate in an oxidizing atmos- 
phere after the step of heat treating the SOI substrate in 
the nitrogen atmosphere. 

[0046] A method for producing an SOI substrate 
claimed in claim 29 of the present invention is the 
method of claim 12, further including the step of heat 
treating the SOI substrate in a hydrogen atmosphere 
after the step of removing the silicon oxide film by etch- 
ing. 

[0047] A method for producing an SOI substrate 
claimed in claim 30 of the present invention is the 
method of claim 13 or 14, further including the step of 
heat treating the SOI substrate in a hydrogen atmos- 
phere after the step of epitaxially growing the second 
silicon layer. 

[0048] A method for producing an SOI substrate 
claimed in claim 31 of the present invention is the 
method of claim 29 or 30, wherein the temperature of 
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the heat treatment in a hydrogen atmosphere is not 
lower than 800°C but not higher than 1 ,200°C. 
[0049] A method for producing an SOI substrate 
claimed in claim 32 of the present invention is the 
method of any one of claims 12 to 31 , further including 
the step of implanting silicon ions after the step of form- 
ing the first silicon layer, to make a deep portion of the 
silicon layer amorphous, and performing annealing for 
recrystallization. 

[0050] A method for producing an SOI substrate 
claimed in claim 33 of the present invention is the 
method of claim 32, wherein the annealing is performed 
first in a nitrogen atmosphere, and then performed in an 
oxidizing atmosphere. 

[0051] A method for producing an SOI substrate 
claimed in claim 34 of the present invention is the 
method of claim 33, further including the step of remov- 
ing a silicon oxide film by etching after the annealing in 
the oxidizing atmosphere. 

[0052] A method for producing an SOI substrate 
claimed in claim 35 of the present invention is the 
method of claim 12, further comprising the step of 
applying chemical and/or mechanical polishing to the 
silicon layer after the step of removing the silicon oxide 
film by etching. 

[0053] A method for producing an SOI substrate 
claimed in claim 36 of the present invention is the 
method of claim 13 or 14, further comprising the step of 
applying chemical and/or mechanical polishing to the 
silicon layer after the step of epitaxially growing the sec- 
ond silicon layer. 

[0054] A method for producing an SOI substrate 
claimed in claim 37 of the present invention is the 
method of any one of claims 12 to 36, wherein the step 
of forming the first silicon layer on the insulating layer on 
silicon substrate is the step of epitaxially growing the 
first silicon layer on the insulating layer on silicon sub- 
strate. 

[0055] A method for producing an SOI substrate 
claimed in claim 38 of the present invention is the 
method of any one of claims 1 2 to 37, wherein the insu- 
lating layer on silicon substrate is a single crystalline 
oxide substrate. 

[0056] A method for producing an SOI substrate 
claimed in claim 39 of the present invention is the 
method of claim 38, wherein the insulating layer on sili- 
con substrate is a sapphire substrate. 
[0057] A method for producing an SOI substrate 
claimed in claim 40 of the present invention is the 
method of any one of claims 12 to 37, wherein the insu- 
lating layer on silicon substrate is a multiple-layer sub- 
strate comprising a silicon substrate as a substrate and 
a crystalline oxide layer or fluoride layer deposited on 
the silicon substrate. 

[0058] A method for producing an SOI substrate 
claimed in claim 41 of the present invention is the 
method of claim 40, wherein the crystalline oxide layer 
comprises any of a-AI 2 0 3 , y-AI 2 0 3 , e-AI 2 0 3 , 



MgO-AI 2 0 3 , Ce0 2 , SrTi0 3 , (Zr^ x ,\ x )O y Pb(Zr,Ti)0 3 , 
LiTa0 3 , and LiNb0 3 , and the crystalline fluoride layer 
comprises CaF 2 . 

[0059] A method for producing an SOI substrate 
5 claimed in claim 42 of the present invention is a method 
for producing an SOI substrate having a silicon layer 
with a low defect density formed on an insulating layer 
on silicon substrate, comprising the step of: 

10 heat treating the silicon layer in a hydrogen atmos- 
phere after forming the silicon layer on the insulat- 
ing layer on silicon substrate. 

[0060] A method for producing an SOI substrate 
15 claimed in claim 43 of the present invention is a method 
for producing an SOI substrate having a silicon layer 
with a low defect density formed on an insulating layer 
on silicon substrate, comprising the steps of: 

20 (a) forming a first silicon layer on the insulating layer 
on silicon substrate; 

(b) heat treating the first silicon layer in a hydrogen 
atmosphere; and 

(c) epitaxially growing a second silicon layer on the 
25 first silicon layer heat treated in a hydrogen atmos- 
phere. 

[0061] A method for producing an SOI substrate 
claimed in claim 44 of the present invention is the 
30 method of claim 43, wherein the steps (a) to (c) are per- 
formed in situ. 

[0062] A method for producing an SOI substrate 
claimed in claim 45 of the present invention is the 
method of any one of claims 42 to 44, wherein the tem- 
35 perature of the heat treatment in a hydrogen atmos- 
phere is not lower than 800°C but not higher than 
1,200°C. 

[0063] A method for producing an SOI substrate 
claimed in claim 46 of the present invention is the 

40 method of any one of claims 42 to 45, further including 
the step of implanting silicon ions after the step of form- 
ing the first silicon layer, to make a deep portion of the 
silicon layer amorphous, and performing annealing for 
recrystallization. 

45 [0064] A method for producing an SOI substrate 
claimed in claim 47 of the present invention is the 
method of claim 42 or 43, further including the step of 
implanting silicon ions after the step of heat treating the 
first silicon layer in a hydrogen atmosphere, to make a 

so deep portion of the silicon layer amorphous, and per- 
forming annealing for recrystallization. 
[0065] A method for producing an SOI substrate 
claimed in claim 48 of the present invention is the 
method of claim 46 or 47, wherein the annealing is per- 

55 formed first in a nitrogen atmosphere, and then per- 
formed in an oxidizing atmosphere. 
[0066] A method for producing an SOI substrate 
claimed in claim 49 of the present invention is the 
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method of claim 48, further including the step of remov- 
ing a silicon oxide film by etching after the annealing in 
the oxidizing atmosphere. 

[0067] A method for producing an SOI substrate 
claimed in claim 50 of the present invention is the 
method of claim 42, further comprising the step of 
applying chemical and/or mechanical polishing to the 
silicon layer after the step of heat treating the silicon 
layer in a hydrogen atmosphere. 
[0068] A method for producing an SOI substrate 
claimed in claim 51 of the present invention is the 
method of claim 43, further comprising the step of 
applying chemical and/or mechanical polishing to the 
silicon layer after the step of epitaxially growing the sec- 
ond silicon layer. 

[0069] A method for producing an SOI substrate 
claimed in claim 52 of the present invention is the 
method of any one of claims 42 to 51 , wherein the step 
of forming the first silicon layer on the insulating layer on 
silicon substrate is the step of epitaxially growing the 
first silicon layer on the insulating layer on silicon sub- 
strate. 

[0070] A method for producing an SOI substrate 
claimed in claim 53 of the present invention is the 
method of any one of claims 42 to 51 , wherein the insu- 
lating layer on silicon substrate is a single crystalline 
oxide substrate. 

[0071] A method for producing an SOI substrate 
claimed in claim 54 of the present invention is the 
method of claim 53, wherein the single crystalline oxide 
substrate is a sapphire substrate. 
[0072] A method for producing an SOI substrate 
claimed in claim 55 of the present invention is the 
method of any one of claims 42 to 51, wherein the insu- 
lating layer on silicon substrate is a multiple-layer sub- 
strate comprising a silicon substrate as a substrate and 
a crystalline oxide layer or fluoride layer deposited on 
the silicon substrate. 

[0073] A method for producing an SOI substrate 
claimed in claim 56 of the present invention is the 
method of claim 55, wherein the crystalline oxide layer 
comprises any of <x-AI 2 0 3 , y-AI 2 0 3 , e-AI 2 0 3 , 
MgO-AI 2 0 3 , Ce0 2( SrTi0 3 , (Zr^.Y^Oy, Pb(Zr,Ti)0 3 , 
LiTa0 3 , and LiNb0 3 , and the crystalline fluoride layer 
comprises CaF 2 . 

[0074] An SOI substrate claimed in claim 57 of the 
present invention is produced by the method of any one 
of claims 12 to 41. 

[0075] An SOI substrate claimed in claim 58 of the 
present invention is produced by the method of any one 
of claims 42 to 56. 

[0076] A semiconductor device claimed in claim 59 
of the present invention is a semiconductor device hav- 
ing an SOI substrate used as a substrate, wherein the 
SOI substrate of any one of claims 1 to 11 is used as the 
SOI substrate, whereby device performance is 
improved. 

[0077] A semiconductor device claimed in claim 60 



12 

of the present invention is the semiconductor device of 
claim 59, which is at least one of a field effect transistor 
and a bipolar transistor, and wherein the device per- 
formance improved by using the SOI substrate of any 
5 one of claims 1 to 11 as the SOI substrate of the semi- 
conductor device are at least one of transconductance, 
cut-off frequency, flicker noise, and electrostatic dis- 
charge. 

[0078] A semiconductor device claimed in claim 61 
io of the present invention is the semiconductor device of 
claim 59, which is MOSFET, and wherein the device 
performance improved by using the SOI substrate of 
any one of claims 1 to 1 1 as the SOI substrate of the 
semiconductor device are at least one of transconduct- 
is ance, cut-off frequency, flicker noise, electrostatic dis- 
charge, drain breakdown voltage, and dielectric 
breakdown charge density. 

[0079] A semiconductor device claimed in claim 62 
of the present invention is the semiconductor device of 

20 claim 59, which is a bipolar transistor, and wherein the 
device performance improved by using the SOI sub- 
strate of any one of claims 1 to 1 1 as the SOI substrate 
of the semiconductor device are at least one of 
transconductance, cut-off frequency, collector current, 

25 leakage current characteristics, and current gain. 

[0080] A semiconductor device claimed in claim 63 
of the present invention is the semiconductor device of 
claim 59. which is a diode, and wherein the device per- 
formance improved by using the SOI substrate of any 

30 one of claims 1 to 11 as the SOI substrate of the semi- 
conductor device are at least one of reverse leakage 
current characteristics, forward bias current, and ideality 
factor. 

[0081] A semiconductor device claimed in claim 64 
35 of the present invention is the semiconductor device of 
claim 59, which is a semiconductor integrated circuit, 
and wherein the device performance improved by using 
the SOI substrate of any one of claims 1 to 1 1 as the 
SOI substrate of the semiconductor device are at least 
40 one of frequency characteristic, noise characteristic, 
amplif ication characteristic, and dissipation power char- 
acteristic. 

[0082] A semiconductor device claimed in claim 65 
of the present invention is the semiconductor device of 

45 claim 59, which is a semiconductor integrated circuit 
composed of MOSFET, and wherein the device per- 
formance improved by using the SOI substrate of any 
one of claims 1 to 11 as the SOI substrate of the semi- 
conductor device are at least one of frequency charac- 

50 teristic, noise characteristic, amplification characteristic, 
and dissipation power characteristic. 
[0083] A semiconductor device claimed in claim 66 
of the present invention is a semiconductor device hav- 
ing an SOI substrate used as a substrate, wherein an 

55 SOI substrate produced by the method of any one of 
claims 12 to 41 is used as the SOI substrate, whereby 
device performance is improved. 
[0084] A semiconductor device claimed in claim 67 
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of the present invention is a semiconductor device hav- 
ing an SOI substrate used as a substrate, wherein an 
SOI substrate produced by the method of any one of 
claims 42 to 56 is used as the SOI substrate, whereby 
device performance is improved. 5 
[0085] A semiconductor device claimed in claim 68 
of the present invention is the semiconductor device of 
claim 66 or 67, which is at least one of a field effect tran- 
sistor and a bipolar transistor, and wherein the device 
performance is at least one of transconductance, cut-off ?o 
frequency, flicker noise, and electrostatic discharge. 
[0086] A semiconductor device claimed in claim 69 
of the present invention is the semiconductor device of 
claim 66 or 67, which is MOSFET, and wherein the 
device performance is at least one of transconductance, is 
cut-off frequency, flicker noise, electrostatic discharge, 
drain breakdown voltage, and dielectric breakdown 
charge density. 

[0087] A semiconductor device claimed in claim 70 
of the present invention is the semiconductor device of so 
claim 66 or 67, which is a bipolar transistor, and wherein 
the device performance is at least one of transconduct- 
ance, cut-off frequency, collector current, leakage cur- 
rent characteristics, and current gain. 
[0088] A semiconductor device claimed in claim 71 25 
of the present invention is the semiconductor device of 
claim 66 or 67, which is a diode, and wherein the device 
performance is at least one of reverse leakage current 
characteristic, forward bias current, and ideality factor. 
[0089] A semiconductor device claimed in claim 72 so 
of the present invention is the semiconductor device of 
claim 66 or 67, which is a semiconductor integrated cir- 
cuit, and wherein the device performance is at least one 
of frequency characteristic, noise characteristic, amplifi- 
cation characteristic, and dissipation power characteris- 35 
tic. 

[0090] A semiconductor device claimed in claim 73 
of the present invention is the semiconductor device of 
claim 66 or 67, which is a semiconductor integrated cir- 
cuit composed of MOSFET, and wherein the device per- 40 
formance is at least one of frequency characteristic, 
noise characteristic, amplification characteristic, and 
dissipation power characteristic. 
[0091] A method for producing a semiconductor 
device claimed in claim 74 of the present invention is a 45 
method for producing a semiconductor device on an 
SOI substrate comprising an insulating layer on silicon 
substrate, and a silicon layer formed on the insulating 
layer on silicon substrate, comprising the steps of: 

50 

(a) forming a first silicon layer on the insulating layer 
on silicon substrate; 

(b) heat treating the first silicon layer in an oxidizing 
atmosphere to oxidize a part of a surface side of the 
first silicon layer; 55 

(c) removing a silicon oxide film formed in the pre- 
ceding step (b) by etching; 

(d) epitaxially growing a second silicon layer on the 



remaining first silicon layer; and 
(e) heat treating a silicon layer, formed in the pre- 
ceding step (d), in an oxidizing atmosphere to oxi- 
dize a part of a surface side of the silicon layer, and 
then removing a silicon oxide film, which has been 
formed, by etching to adjust the silicon layer to a 
desired thickness. 

[0092] A method for producing a semiconductor 
device claimed in claim 75 of the present invention is the 
method of claim 74, further including the step of 
implanting silicon ions after the step of forming the first 
silicon layer, to make a deep portion of the silicon layer 
amorphous, and performing annealing for recrystalliza- 
tion. 

[0093] A method for producing a semiconductor 
device claimed in claim 76 of the present invention is the 
method of claim 74, further comprising the step of heat 
treating a silicon layer in a hydrogen atmosphere after 
the step (d) of epitaxially growing the second silicon 
layer. 

[0094] A method for producing a semiconductor 
device claimed in claim 77 of the present invention is the 
method of claim 74, further comprising applying chemi- 
cal and/or mechanical polishing to a silicon layer before 
or after the step (e). 

[0095] A method for producing a semiconductor 
device claimed in claim 78 of the present invention is a 
method for producing a semiconductor device on an 
SOI substrate comprising an insulating layer on silicon 
substrate, and a silicon layer formed on the insulating 
layer on silicon substrate, including the steps of: 

(a) forming a silicon layer on the insulating layer on 
silicon substrate; 

(b) heat treating the silicon layer in a hydrogen 
atmosphere; and 

(c) heat treating the silicon layer in an oxidizing 
atmosphere to oxidize a part of a surface side of the 
silicon layer, and then removing a silicon oxide film, 
which has been formed, by etching to adjust the sil- 
icon layer to a desired thickness. 

[0096] A method for producing a semiconductor 
device claimed in claim 79 of the present invention is the 
method of claim 78, further including the step of 
implanting silicon ions after the step of forming the first 
silicon layer, to make a deep portion of the silicon layer 
amorphous, and performing annealing for recrystalliza- 
tion. 

[0097] A method for producing a semiconductor 
device claimed in claim 80 of the present invention is the 
method of claim 78, further comprising performing 
chemical and/or mechanical polishing of the silicon 
layer before or after the step (c). 
[0098] A method for producing a semiconductor 
device claimed in claim 81 of the present invention is a 
method for producing a semiconductor device on an 
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SOI substrate comprising an insulating layer on silicon 
substrate, and a silicon layer formed on the insulating 
layer on silicon substrate, comprising the steps of: 

(a) forming a first silicon layer on the insulating layer 
on silicon substrate; 

(b) heat treating the first silicon layer in a hydrogen 
atmosphere; 

(c) epitaxially growing a second silicon layer on the 
first silicon layer heat treated in a hydrogen atmos- 
phere; and 

(d) heat treating a silicon layer, formed in the step 
(c), in an oxidizing atmosphere to oxidize a part of a 
surface side of the silicon layer, and then removing 
a silicon oxide film, which has been formed, by 
etching to adjust the silicon layer to a desired thick- 
ness. 

[0099] A method for producing a semiconductor 
device claimed in claim 82 of the present invention is the 
method of claim 81, further including the step of 
implanting silicon ions after the step of forming the first 
silicon layer, to make a deep portion of the silicon layer 
amorphous, and performing annealing for recrystalliza- 
tion. 

[0100] A method for producing a semiconductor 
device claimed in claim 83 of the present invention is the 
method of claim 81 . further comprising applying chemi- 
cal and/or mechanical polishing to the resulting silicon 
layer before or after the step (d). 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0101] 

FIGS. 1 A to 1C are sectional views of an SOS sub- 
strate during a manufacturing process showing a 
procedure for producing an SOI substrate in 
accordance with the invention recited in claim 12. 
FIGS. 1 A to ID are sectional views of an SOS sub- 
strate during a manufacturing process showing a 
procedure for producing an SOI substrate in 
accordance with the invention recited in claim 13. 
FIGS. 2A and 2B are sectional views of an SOS 
substrate during a manufacturing process showing 
a procedure for producing an SOI substrate in 
accordance with the invention recited in claim 42. 
FIGS. 3A to 3C are sectional views of an SOS sub- 
strate during a manufacturing process showing a 
procedure for producing an SOI substrate in 
accordance with the invention recited in claim 43. 
FIGS. 4A to 4F are sectional views of an SOS sub- 
strate during a manufacturing process showing a 
procedure for producing an SOI substrate, in which 
the step of implanting silicon ions into a first silicon 
layer to make a deep portion of the first silicon layer 
amorphous, and then performing annealing for 
recrystallization was added between the step (a) 



and the step (b) in the invention recited in claim 13. 
FIG. 5 is a graph showing that the defect density is 
low in the entire thickness direction of the silicon 
layer in the SOI substrate subjected to the step of 

5 performing annealing for recrystallization. 

FIGS. 6A to 6E are photographs showing the 
results of observation by SEM of various SOS sub- 
strates after treatment with an etching solution to 
form pits. FIG. 6A shows an SOS substrate having 

io a silicon layer epitaxially grown on a sapphire sub- 
strate by APCVD. FIG. 6B shows an SOS substrate 
produced by implanting silicon ions into the silicon 
layer of the substrate of FIG. 6A to make its deep 
portion amorphous, and then performing annealing 

is for recrystallization. FIG. 6C shows an SOS sub- 
strate produced when the step of implanting silicon 
ions into a first silicon layer to make its deep portion 
amorphous, and then performing annealing for 
recrystallization was added between the step (a) 

20 and the step (b) in the invention recited in claim 13. 

FIG. 6D shows an SOS substrate produced when 
the SOS substrate of FIG. 6C was further heat 
treated in a hydrogen atmosphere. FIG. 6E shows 
an SOS substrate produced when the SOS sub- 

25 strate of FIG. 6B was heat treated in a hydrogen 
atmosphere. 

FIG. 7 is a sectional drawing of a CMOS transistor 
produced with the use of an SOS substrate pre- 
pared in Example 1 of the present invention. 

30 FIG. 8A is a photograph by TEM of a section of a 
substrate for observing the defect density of a sili- 
con layer of an SOS substrate prepared in Compar- 
ative Example 1 of the present invention. 
FIG. 8B is a photograph by TEM of a section of a 

35 substrate for observing the defect density of a sili- 
con layer of an SOS substrate prepared in Compar- 
ative Example 3 of the present invention. 
FIG. 8C is a photograph by TEM of a section of a 
substrate for observing the defect density of a sili- 

40 con layer of an SOS substrate prepared in Example 
6 of the present invention. 

BEST MODE FOR CARRYING OUT THE INVENTION 

45 [01 02] Embodiments of the present invention will be 
described below. 

[0103] The insulating layer on silicon substrate in 
the present invention is a single crystalline oxide sub- 
strate, such as a sapphire substrate, or a crystalline 
so oxide layer, such as a layer of <x-AI 2 0 3 , y-AI 2 0 3 , 0- 



AUOo 



55 



"2^3- MgO*AI 2 0 3 , Ce0 2 , SrTi0 3 , (Zr^.YJOy, 
Pb(Zr,Ti)0 3 . LiTa0 3 , or LiNb0 3 , or a crystalline fluoride 
layer, such as a layer of CaF 2 , deposited on a silicon 
substrate as a substrate. As the insulating layer on sili- 
con substrate, an amorphous material, such as a glass 
substrate, or Si0 2 on a silicon substrate as a substrate 
may also be used. No restrictions are imposed on the 
method for growing the oxide layer or fluoride layer on 
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the silicon substrate. Usually, low pressure chemical 
vapor deposition (LPCVD), ultra-high vacuum chemical 
vapor deposition (UHV-CVD), molecular beam epitaxy 
(MBE), sputtering, or laser MBE is used. In the case of 
Si0 2 , it may be the silicon substrate which has been 
thermally oxidized in an oxidizing atmosphere. The 
present invention can be similarly applied to a semicon- 
ductor substrate having an SOI structure, such as an 
SIMOX substrate or a bonded SOI substrate. Applica- 
tion of this invention to such a semiconductor substrate 
has the effect that a highly crystalline silicon layer with 
fewer crystalline defects can be obtained. 
[0104] FIGS. 1 A to 1D show the procedure for pre- 
paring an SOS substrate in accordance with the inven- 
tion recited in claim 12 or 13. 

[0105] In the present invention, the first step is to 
grow a first silicon layer 2 epitaxially on a sapphire sub- 
strate 1, an insulator, as shown in FIG. 1A. Methods 
employed for this purpose include atmospheric pres- 
sure chemical vapor deposition (APCVD), low pressure 
chemical vapor deposition (LPCVD), ultra-high vacuum 
chemical vapor deposition (UHV-CVD), molecular beam 
epitaxy (MBE), and electron beam (EB) evaporation. 
The thickness of the first silicon layer is not restricted, 
but the range of 0.03 to 1 jim, for example, is suita- 
ble for practical use. 

[0106] Then, the first silicon layer 2 is heat treated 
in an oxidizing atmosphere to form a silicon oxide layer 
3 on the surface, as shown in FIG. 1B. This heat treat- 
ment results in the rearrangement of atoms, decreasing 
many dislocations or stacking faults due to lattice mis- 
match which have occurred in the first silicon layer 2 
after epitaxial growth, or eliminating portions different in 
orientation which exist in this layer. 
[0107] The temperature of the heat treatment in the 
oxidizing atmosphere is not lower than 500°C but not 
higher than 1 ,350°C, preferably not lower than 600°C 
but not higher than 1 .300°C, more preferably not lower 
than 800°C but not higher than 1 ,200°C. If the tempera- 
ture is too low, the effect of rearranging atoms is dimin- 
ished. At too high a temperature, problems occur, such 
that the constituent element of the substrate diffuses 
into the silicon layer. The atmosphere for the heat treat- 
ment is not restricted, as long as it is an oxidizing 
atmosphere. An oxidizing gas, such as 0 2 . 0 2 +H 2 , H 2 0 
or N 2 0, or any of these oxidizing gases diluted with an 
inert gas, such as N 2 or Ar, is usually used as the 
atmosphere. The gas containing 0 2 +H 2 mixed gas or 
containing H a O is preferred, because it obtains a 
greater effect in reducing crystalline defects or increas- 
ing crystallinity. 

[0108] Then, as shown in FIG. 1C, the silicon oxide 
layer 3 is etched with hydrofluoric acid or buffered 
hydrofluoric acid (BHF) for its removal. 
[0109] According to the invention described in claim 
12, an SOS substrate is prepared in the above- 
described manner. Because of this procedure, the sili- 
con layer is decreased in crystalline defects, and 



increased in crystallinity and orientation. 
[0110] In the invention recited in claim 13, a silicon 
layer 4 that has remained is used as a seed layer, and a 
second silicon layer 5 is homoepitaxially grown on the 
5 silicon layer 4, as shown in FIG. 1 D. As a method for this 
growth, APCVD, LPCVD, UHV-CVD, MBE, or EB evap- 
oration is used, as for the first silicon layer 2. However, 
the same method as for the growth of the first silicon 
layer 2 need not be used. 
10 [0111] In homoepitaxially growing the second sili- 
con layer 5, it is important that a silicon oxide layer 
which inhibits epitaxial growth of silicon be absent, and 
should not be formed, on the surface of the seed layer 
at the initial stage of growth. For this purpose, it is pre- 
ys ferred for the content of moisture or oxygen to be mini- 
mal in a growing atmosphere. The preferred method of 
growth is a method, such as UHV-CVD or MBE, whose 
base pressure without supply of the starting material is 
1 0" 7 Torr or less, and which can grow a silicon layer in 
so an ultra-high vacuum atmosphere. 

[01 12] To remove a native oxide film or a chemical 
oxide on the seed layer 4 before homoepitaxial growth 
of the second silicon layer 5, it is preferred to perform 
heat treatment in a hydrogen atmosphere or in a vac- 
25 uum. 

[0113] The temperature for performing epitaxial 
growth of the second silicon layer 5 is usually 400°C to 
1 ,200°C. preferably 550°C to 1 ,050°C, more preferably 
650°C to 950°C. The formation of a silicon oxide layer in 

30 the surface of the seed layer depends on the amounts of 
moisture and oxygen present in the growing atmos- 
phere, and the growing temperature. The smaller the 
amounts of moisture and oxygen present in the growing 
atmosphere, the more difficult the formation of a silicon 

35 oxide layer is even at low temperatures. Thus, a method 
capable of growing a silicon layer in an ultra-high vac- 
uum atmosphere, such as UHV-CVD or MBE, can per- 
form epitaxial growth at a relatively low temperature. In 
this case, thermal distortion is diminished, so that a high 

40 quality crystalline silicon layer becomes easy to obtain. 
When the base pressure is 10* 7 Torr or higher in the 
APCVD or LPCVD method, it is recommendable to 
adopt a temperature profile in which the growth temper- 
ature is raised at the initial stage of growth to suppress 

45 the formation of a silicon oxide layer, and the growth 
temperature is lowered, starting at a halfway stage in 
the growth. This is effective in carrying out satisfactory 
epitaxial growth. 

[01 14] The thickness of the seed layer (silicon layer) 
so 4 for homoepitaxial growth of the second silicon layer 5 
is not restricted, but preferably, is not less than 5 nm, but 
not more than 1 »im. 

[0115] Deposition of the second silicon layer 5 on 
the seed layer is the same as in homoepitaxial growth 
55 for deposition of a silicon layer on a silicon single crys- 
talline substrate, and so is not affected by the difference 
in lattice constant. In addition, this deposition has the 
effect of lowering the growth temperature, and improves 
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crystallinity and surface flatness, as compared with a 
silicon layer resulting from conventional heteroeprtaxial 
growth. Even in comparison with the seed layer, the 
second silicon layer shows a remarkable decrease in 
crystalline defects, and remarkable improvements in 5 
crystallinity and orientation to the silicon layer. Surpris- 
ingly, moreover, after deposition of the second silicon 
layer, an extremely low defect density is achieved uni- 
formly in the entire depth direction of the silicon layer, 
including the seed layer portion. 70 
[01 1 6] Deposition of the second silicon layer on the 
seed layer also remarkably improves the surface flat- 
ness of the silicon layer, and achieves a decrease in its 
surface roughness. 

[01 17] In the present invention, defects or impurities is 
having donor properties in the silicon layer can be elim- 
inated, if the step of heat treatment in a nitrogen atmos- 
phere is applied after the step of removing the silicon 
oxide film 3 by etching in claim 12, or after the step of 
epitaxially growing the second silicon layer 5 in claim 20 
1 3. This measure is preferred in forming a highly reliable 
semiconductor device on an SOS substrate, as evi- 
denced, for example, by the absence of a shift in voltage 
at the start of action, i.e.. threshold voltage, in MOSFET. 
Heat treatment in an oxidizing atmosphere, if applied 25 
after the heat treatment in a nitrogen atmosphere, is 
more preferable, because the above effect is enhanced. 
[01 1 8] Repeating the steps of FIGS. 1 B through 1 D 
two or more times in the invention illustrated in FIGS. 1 A 
to 1 D can achieve an even more pronounced effect in 30 
decreasing defect density, improving crystallinity, and 
reducing surface roughness. 

[0119] FIGS. 2A and 2B show the procedure for 
preparing an SOS substrate in accordance with the 
invention recited in claim 42. 35 
[0120] In the present invention, the first step is to 
grow a first silicon layer 2 epitaxially on a sapphire sub- 
strate 1 , an insulator, as shown in FIG. 2A. Methods 
employed for this purpose include APCVD, LPCVD, 
UHV-CVD, MBE, and EB evaporation. The silicon layer 40 
may be an amorphous silicon layer grown at a low tem- 
perature. The thickness of the silicon layer is not 
restricted, but the range of 0.03 ^im to 1 jim, for exam- 
ple, is suitable for practical use. 

[0121] Then, as shown in FIG. 2B, the first silicon 45 
layer 2 is heat treated in a hydrogen atmosphere. This 
heat treatment results in migration of silicon atoms on 
the surface of the silicon layer, thereby causing rear- 
rangement of crystals, to achieve improvement in crys- 
tallinity and surface flatness. so 
[0122] When the temperature of the heat treatment 
in the hydrogen atmosphere is too low, surface migra- 
tion of silicon atoms does not fully occur. If it is too high, 
the constituent element of the substrate (e.g., Al if the 
substrate is sapphire) diffuses in a large amount into the ss 
silicon layer to exert influences, such as a decrease in 
the crystallinity of the silicon layer, or a change in the 
carrier density. Thus, the temperature is 700°C or 



higher, but 1 ,300°C or lower, preferably 800°C or higher, 
but 1,200°C or lower. 

[0123] The partial pressure of hydrogen during the 
heat treatment can be selected within the range of from 

1 Torr to 760 Torr. The way of adjusting the partial pres- 
sure may be to draw a vacuum by means of a vacuum 
pump, or to dilute the hydrogen with the use of an inert 
gas. 

[0124] The period of time for which heat treatment 
is performed in a hydrogen atmosphere can be selected 
arbitrarily. Preferably, it is 2 minutes to 5 hours, more 
preferably 5 minutes to 3 hours. 

[01 25] FIGS. 3 A to 3C show the procedure for pre- 
paring an SOS substrate in accordance with the inven- 
tion recited in claim 43. 

[0126] In the present invention, as shown in FIG. 
3A, the first step is to grow a first silicon layer 2 epitaxi- 
ally on a sapphire substrate 1 by the same method as 
described earlier. The thickness of the first silicon layer 

2 is not restricted, but the range of 0.03 ^m to 1 ^m, for 
example, is suitable for practical use. 

[0127] Then, as shown in FIG. 3B, the first silicon 
layer 2 is heat treated in a hydrogen atmosphere to 
improve the crystallinity and surface flatness of the first 
silicon layer 2. Then, as shown in FIG. 3C,.a second sil- 
icon layer 7 is epitaxially grown on this silicon layer, with 
this silicon layer as a seed layer 6. 
[0128] In this case, the heat treatment in a hydro- 
gen atmosphere, applied in situ, is preferred, because 
the seed layer 6 and the second silicon layer 7 grown 
thereon become better in quality. The in situ treatment 
herein means that treatment for depositing the silicon 
layer, and heat treatment in the hydrogen atmosphere 
are performed continuously in the same treating appa- 
ratus. For this purpose, it is important not to expose the 
silicon layer to the air halfway during the process. 
[0129] The thickness of the silicon seed layer 6 is 
not restricted, but preferably it is 5 nm to 1 jim, more 
preferably 10 nm to 200 nm. 

[0130] The method and conditions for growing the 
silicon layer, and the conditions for its heat treatment in 
the hydrogen atmosphere are the same as described 
previously. 

[0131] As with the preceding invention, deposition 
in epitaxially growing the second silicon layer 7 on the 
silicon seed layer 6 is the same as in homoepitaxia! 
growth for deposition of a silicon layer on a silicon single 
crystalline substrate, and so is not affected by the differ- 
ence in lattice constant. In addition, this deposition has 
the effect of lowering the growth temperature, and 
improves crystallinity and surface flatness, as compared 
with a silicon layer resulting from conventional hete- 
roepitaxial growth. 

[0132] To obtain an SOS substrate with an even 
lower defect density in the silicon layer in the inventions 
recited in claims 12, 13, 42 and 43, the following steps 
are preferred: As shown in FIGS. 4A to 4F, a first silicon 
layer 2 is epitaxially grown (FIG. 4A), whereafter silicon 
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ions are implanted into the first silicon layer 2 to make its 
deep portion 8 amorphous (FIG. 4B). Then, the first sil- 
icon layer 2 is annealed to form a silicon layer 10 (FIG. 
4C) recrystallized, starting at a surface layer 9. The sili- 
con layer 10 is subjected to subsequent treatments, 
including heat treatment in an oxidizing atmosphere 
(FIG. 4D) and heat treatment in a hydrogen atmos- 
phere. The heat treatment in a hydrogen atmosphere, in 
particular, is very effective, because during this step, 
evaporation of silicon does not occur even at high tem- 
peratures, and the effect of improving the crystallinity 
and surface flatness of the silicon layer appears notice- 
ably. 

[0133] As an atmosphere for annealing effected for 
recrystallization after silicon ion implantation, it is pre- 
ferred to use a nitrogen atmosphere first, and then 
replace it by an oxidizing atmosphere. A silicon oxide 
film formed by annealing in the oxidizing atmosphere is 
removed by etching. 

[0134] The SOS substrate produced by the manu- 
facturing procedure of the invention recited in claim 12 
or 13 is heat treated in a hydrogen atmosphere, 
whereby an SOS substrate with good crystallinity and 
surface flatness can be obtained. 
[0135] After a series of steps in FIGS. 1 to 3 are 
completed, the silicon layer 4 of FIG. 1C, the silicon 
layer 5 of FIG. 1 D, the silicon layer 2 of FIG. 2B, and the 
silicon layer 7 of FIG. 3C are each subjected to a treat- 
ment for surface flattening, such as chemical or/and 
mechanical polishing. This is preferred, because it ben- 
efits the performance and reliability of the device. 
[0136] In accordance with the present invention, an 
SOI substrate is prepared which has as an insulating 
layer on silicon substrate a single crystalline oxide sub- 
strate such as sapphire, or a substrate comprising a sil- 
icon substrate, and a crystalline oxide layer, such as a 
layer of a-AI 2 0 3 , y-AI 2 0 3 . e-AI 2 0 3 , MgO • Al 2 0 3 , Ce0 2 , 
SrTi0 3 , (Zr^.YJOy. Pb(Zr,Ti)0 3 , UTaG 3 , or LiNb0 3 , or 
a crystalline fluoride layer, such as a layer of CaF 2 , 
deposited on the silicon substrate. Each of the resulting 
SOI substrates was immersed in an etching solution 
comprising a mixture of l 2 , Kl, HF, methanol and water 
to form pits, and the number of pits per unit area was 
counted using a scanning electron microscope (SEM). 
By this method, the defect density of the silicon layer 
was measured. All the SOI substrates gave smaller val- 
ues than 4 x 10 8 /cm 2 . 

[0137] There is also an SOI substrate prepared 
when the step of implanting silicon ions into a first sili- 
con layer to make a deep portion of the first silicon layer 
amorphous, and then annealing it to recrystallize it, 
beginning at the surface layer, is added between the 
step (a) and the step (b) in the invention recited in claim 
13. This SOI substrate gives a crystalline defect density 
of 1 0 7 /cm 2 or less in the entire depth direction of the sil- 
icon layer, as shown in FIG. 5, even when the thickness 
of the silicon layer is as small as 0.1 urn to 0.3 um. The 
SOI substrate also has the following properties: the full 



width at half maximum of an X-ray diffraction rocking 
curve of a (004)-peak in the silicon layer grown parallel 
to the substrate surface is about 700 arcsec, the lattice 
constants of a silicon (100)-plane perpendicular to the 

5 substrate surface and the silicon (001)-plane parallel to 
the substrate surface are about 5.43 angstroms, the 
ratio of the lattice constant of the silicon (OOI)-plane to 
the lattice constant of the silicon (lOO)-plane is not more 
than 1 .005 but not less than 0.995, and the ratio of the 

ro intensity of the 220-reflection to the intensity of a 004- 
reflection parallel to the substrate surface in X-ray dif- 
fraction measurement is 0.1 or less. 
[0133] When heat treatment in a hydrogen atmos- 
phere is applied after the step of epitaxial growth of the 

75 second silicon layer in such SOI substrate, crystalline 
defects are further decreased, the full width at half max- 
imum of the X-ray diffraction rocking curve of the (004)- 
peak becomes even smaller. 

[01 39] FIGS. 6A to 6E are photographs showing the 

20 results of observation by SEM of various SOS sub- 
strates after treatment with the aforementioned etching 
solution to form pits in the silicon layer. 
[01 40] Many pits ascribed to crystalline defects with 
a density of 10 9 /cm 2 or more are observed in an SOS 

25 substrate produced by an earlier technology, i.e., an 
SOS substrate having a first silicon layer epitaxially 
grown on a sapphire substrate by APCVD (FIG. 6A), or 
in an SOS substrate produced by implanting silicon ions 
into the first silicon layer of the substrate of FIG. 6A to 

30 make its deep portion amorphous, and then annealing 
the first silicon layer to recrystallize it. beginning at the 
surface layer (FIG. 6B). Few pits are noted, on the other 
hand, in an SOS substrate (FIG. 6C) produced when 
the step of implanting silicon ions into a first silicon layer 

35 to make its deep portion amorphous, and then perform- 
ing annealing for recrystallization is added between the 
step (a) and the step (b) in the invention recited in claim 
13; or in an SOS substrate (FIG. 6D) produced when 
the SOS substrate of FIG. 6C is further heat treated in a 

40 hydrogen atmosphere. Particularly in FIGS. 6A and 6B t 
line-shape pits caused by stacking faults, which 
adversely affect device performance, appear in large 
numbers. In FIGS. 6C and 6D, there are none of such 
line-shape pits, demonstrating the significant effect of 

45 the present invention. 

[0141] Nor are there line-shape pits caused by 
stacking faults in an SOS substrate (FIG. 6E) produced 
when applying heat treatment in a hydrogen atmos- 
phere to an SOS substrate subjected to the step of 

so implanting silicon ions into a first silicon layer to make its 
deep portion amorphous, and then annealing the first 
silicon layer to recrystallize it, beginning at the surface 
layer. This is also proof of the effect of the present inven- 
tion. 

55 [0142] There is also an SOI substrate prepared 
when the step of implanting silicon ions into a first sili- 
con layer to make its deep portion amorphous, and then 
annealing it to recrystallize it, beginning at the surface 
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layer, is performed between the step (a) and the step (b) 
in the invention recited in claim 43. This SOI substrate 
gives a delect density of 10 7 /cm 2 or less in the entire 
depth direction of the silicon layer, even when the thick- 
ness of the silicon layer is as small as 0.1 to 0.3 nm. 
The SOI substrate also has the following properties: the 
full width at half maximum of an X-ray diffraction rocking 
curve of a (004)-peak in the silicon layer grown parallel 
to the substrate surface is about 700 arcsec, the lattice 
constants of a silicon (lOO)-plane perpendicular to the 
substrate surface and a silicon (001)-plane parallel to 
the substrate surface are about 5.43 angstroms, the 
ratio of the lattice constant of the (001)-plane to the lat- 
tice constant of the (100)-plane is not more than 1.005 
but not less than 0.995, and the ratio of the intensity of 
a 220-reflection to the intensity of a 004-ref lection paral- 
lel to the substrate surface in X-ray diffraction measure- 
ment is 0.1 or less. 

[0143] In the present invention, the surface rough- 
ness refers to roughness root mean square, Rrms, in 
the range 10 x 10 determined using an atomic 
force microscope. The surface roughnesses of the SOI 
substrates prepared by the present invention were all 
not more than 4 nm. 

[0144] In accordance with the present invention, a 
silicon layer with very few crystalline defects and with 
satisfactory flatness can be prepared on a single crys- 
talline oxide substrate, such as a substrate of sapphire, 
or a crystalline oxide layer, such as a layer of a-AI 2 03, r 
Al 2 0 3 , 8-AI 2 0 3 , MgO*AI 2 0 3 , Ce0 2f SrTi0 3 , (Zr-,. 
x.YJOy, Pb(Zr,Ti)0 3 , LiTa0 3 , or LiNb0 3 , or a crystalline 
fluoride layer, such as a layer of CaF 2 , deposited on a 
silicon substrate as a substrate. Thus, a semiconductor 
device having excellent performance unobtainable with 
the conventional SOI substrate composed of the same 
materials can be formed on the SOI substrate of the 
invention. 

[0145] The semiconductor device of the present 
invention is obtained by incorporating into the manufac- 
turing method a preliminary step for improving the qual- 
ity of an SOI substrate, a step aimed at improving the 
crystallinity and surface flatness of the substrate, as 
described in claims 74 to 83. Subsequent steps may be 
the same as in the earlier technologies. 
[0146] The semiconductor device in the present 
invention is not restricted in terms of type, and includes 
all silicon devices, such as MOSFET, bipolar transistor, 
BiCMOS transistor as a combination of them, thin film 
transistor (TFT), diode, and solar cell. Integrated circuits 
composed of MOSFET and any of these devices may 
also be included. 

[0147] When MOSFET is formed on an SOS sub- 
strate, for example, the silicon layer of the invention in 
which the MOSFET is formed is decreased in crystalline 
defect density and surface roughness, satisfactory in 
orientation, and minimal in distortion. Thus, when carri- 
ers move through channels, there is little scattering, and 
effective mobility and transconductance are high. 



[0148] Flicker noise is said to be attributable to fluc- 
tuations in mobility of moving carriers when scattered by 
crystalline defects in the silicon layer; or to trapping and 
detrapping which the moving carriers undergo via traps 
5 generated at the interface between the silicon layer with 
surface roughness and a gate oxide film formed ther- 
eon. By decreasing the crystalline defects and surface 
roughness of the silicon layer, low flicker noise can be 
achieved. 

10 [0149] When a gate oxide film constituting MOS- 
FET is to be prepared by thermal oxidation of a silicon 
layer, the thickness of an Si0 2 film after thermal oxida- 
tion becomes nonuniform, or pinholes or weak spots are 
included in the film, if the crystalline defect density or 

is surface roughness is great as in the earlier technolo- 
gies. This induces a drop in dielectric breakdown volt- 
age. In the present invention, the silicon layer forming 
MOSFET has a low crystalline defect density and small 
surface roughness. Thus, defects in the Si0 2 film after 

20 thermal oxidation are few, and the breakdown voltage of 
gate oxide is markedly high. 

[01 50] Furthermore, because of the reduction in the 
defect density of the silicon layer forming MOSFET, 
electric current passage through defects is minimal, 

25 even if a high voltage such as static electricity is applied. 
Hence, higher ESD than before can be obtained. 
[0151] In addition. SOI structures, which the 
present invention is directed to, have been higher in the 
drain breakdown voltage of MOSFET than a bonded 

30 SOI substrate and an SIMOX substrate with Si0 2 as an 
underlying layer for a silicon layer. The present invention 
reduces crystalline defects in the silicon layer, and 
decreases a leakage current between the source and 
the drain. Furthermore, during heat treatment at a high 

35 temperature, Al, the constituent element of the base, 
diffuses into the silicon layer to form a killer level for hot 
carriers in the vicinity of the interface. As a result, less 
hot carriers accumulate at the body portion, thus obtain- 
ing an even higher drain breakdown voltage. 

40 [0152] As described above, an integrated circuit 
composed of MOSFET having high performance and 
high reliability on an SOS substrate can exhibit much 
better characteristics than before, such as a high oper- 
ating speed, a low noise, and high reliability, under the 

45 same design rules. Hence, this integrated circuit can be 
used for high frequency parts for mobile communica- 
tion, LSI's for satellites, analog/digital converters (ADC, 
DAC), LSI's for optical transmission, analog/digital 
mixed LSI's, and other various applications, and is a 

so very useful device. 

[0153] Working examples of the present invention 
will be described below. 

Example 1 

55 

[01 54] A 200 nm thick first silicon layer was depos- 
ited on an R-plane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosilane (SiH 4 ) 
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gas as a starting material. 

[0155] TTien, the composite was introduced into an 
oxidation furnace, where it was steam oxidized at 
1 ,000°C for 30 minutes, with 180 liters/min of hydrogen 
and 180 liters/min of oxygen being introduced. The 
treated composite was immersed in BHF to remove an 
oxide film on the first silicon layer. Then, the thickness of 
the seed silicon layer was measured, and found to be 
100 nm. 

[0156] Then, a second silicon layer was deposited 
on the seed silicon layer at a growth temperature of 
750°C by UHV-CVD using disilane (Si 2 H 6 ) as a starting 
material, to prepare a desired SOS substrate. After 
growth, the total film thickness of silicon was measured, 
and found to be 200 nm. 

[0157] To evaluate the crystallinity of the resulting 
SOS substrate, a part of this substrate was treated by a 
procedure described below to form etch pits. Then, the 
number of pits per unit area was measured with a scan- 
ning electron microscope (SEM) to determine the crys- 
talline defect density. 

(1) Cleaning the substrate in methanol with super- 
sonic wave. 

(2) Removing a native oxide film on the surface with 
the use of a 2% aqueous solution of HF. 

(3) Overflowing with deionized water. 

(4) Immersing the substrate for 45 seconds in an 
etching solution prepared at the following mixing 
ratio: l 2 (4 g), Kl (12 g), methanol (40 cc), H 2 0 (40 
cc) and HF (3 cc). 

(5) Overflowing with deionized water, and then 
repeat (2) and (3). 

[0158] The defect density was found to be 3.0 x 
10 7 /cm 2 . 

[0159] The surface flatness of the resulting SOS 
substrate was measured with AFM (atomic force micro- 
scope). The Rrms in the range 10 nmx 10 jim was 1.5 
nm. 

[01 60] The orientation, crystallinity, and distortion of 
the resulting SOS film were evaluated using HR-XRD 
(high resolution four-axis X-ray diffraction) using a Ka1 
beam of Cu as a radiation source. 
[0161] First, the XRC (X-ray rocking curve) of an Si 
(004) -plane grown parallel to the substrate surface was 
measured, and FWHM (full width at half maximum) was 
found to be 974 arcsec. The Bragg diffraction angle of 
the Si (004)-plane was 68.995 degrees, from which the 
lattice constant ol Si in a direction parallel to the sub- 
strate surface was calculated at 5.440 A. 
[0162] Similarly, the diffraction of an Si {220]-plane 
grown parallel to the substrate surface was also meas- 
ured. Normally, an Si (001)-plane grows on a sapphire 
R-plane. A closer look, however, shows that a small 
amount of phases different in orientation, such as the Si 
{220}-plane, also grows at the initial stage of growth, 
depending on problems, such as a great difference in 



lattice constant between sapphire and Si. These phases 
different in orientation may be a cause of a decrease in 
the crystallinity of the film, and thus should preferably be 
minimized. A comparison of the intensities of their dif- 

5 fraction peaks in X-ray diffraction serves as an index of 
volume ratio of phases different in orientation. 
[01 63] For the SOS film prepared in Example 1 , the 
diffraction intensities of the 004-ref lection and the 220- 
reflection of Si parallel to the substrate surface were 

10 compared. The intensity ratio turned out to be Si 
{220}/Si (004) = 0.052. 

[0164] Likewise, the diffraction of an Si (400)-plane 
grown perpendicularly to the substrate surface was also 
measured. The Bragg diffraction angle of the Si (400)- 

15 plane was 69.392 degrees, from which the lattice con- 
stant of Si in a direction perpendicular to the substrate 
surface was calculated at 5.413 A. Thus, the ratio of the 
lattice constant in the direction parallel to the substrate 
surface to the lattice constant in the direction perpendic- 

20 ular to the substrate surface was found to be 1 .0050. 
[0165] Then, a CMOS transistor was prepared on 
this SOS substrate. FIG. 7 shows a section of the 
device. The left-hand part of the drawing indicates an 
NMOS portion, while the right-hand part indicates a 

25 PMOS portion. The reference numeral 1 denotes a sap- 
phire substrate. A silicon layer was heat treated in an 
oxidizing atmosphere to oxidize a portion of a surface 
side of the silicon layer. Then, the resulting silicon oxide 
film was removed by etching to adjust the film thickness 

30 to 1 10 nm. To separate NMOS and PMOS by an insulat- 
ing region, the silicon layer was oxidized such that its 
oxide film 21 would reach the sapphire substrate. As a 
result, regions surrounded with the silicon oxide film 
were formed on the sapphire substrate to define NMOS 

35 and PMOS. In the drawing, the numerals 17, 18 denote 
gate oxide films formed on the Si layer by thermal oxida- 
tion, while the numerals 19, 20 denote polysilicon gate 
electrodes formed on the gate oxide films. The numer- 
als 11 and 13 denote source and drain areas of the 

40 NMOS formed by implanting arsenic ions into the silicon 
layer. The numerals 14 and 16 denote source and drain 
areas of the PMOS formed by implanting boron fluoride 
ions into the silicon layer. The numerals 12 and 15 
denote channel portions of the NMOS and PMOS, 

45 respectively. 

[0166] The device performance of the thus pre- 
pared MOS transistor was measured. In the NMOS with 
a gate width of 50 microns, a gate length of 0.8 micron, 
and a threshold voltage of 0.65 V, the transconductance 

so was 450 nS, and the drain breakdown voltage was 8 V. 
The noise characteristic of this transistor was evaluated 
by input gate voltage spectral density (SVG). At a meas- 
uring frequency of 100 Hz, the SVG was 2 x 10' 12 V 2 /Hz. 
The ESD of this transistor was measured by a method 

55 complying with EIAJ ED-470M Testing Method C- 
1 1 1 A Static Electricity Damage Test, and was found to 
be 2,500 V 

[0167] To measure radio frequency characteristics, 
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the cut-off frequency was measured using the NMOS 
with a threshold of 0.25 V, a gate width of 101 microns, 
and an effective gate length of 0.7 micron. It was found 
to be 5.4 GHz. 

[0168] To evaluate the reliability of the gate oxide 
film, moreover, dielectric breakdown charge density 
(Qbd) was measured by using a gate capacitor with an 
oxide film thickness of 12 nm and a size of 100 jim 
square, and applying constant-current stress of 10 
mA/crn 2 . The Qbd was 1 .0 C/cm 2 . 

Comparative Example 1 

[01 69] A 200 nm thick SOS substrate was prepared 
on an R-plane sapphire substrate at a growth tempera- 
ture of 950°C by LPCVD using monosilane (SiH 4 ) gas 
as a starting material. 

[0170] The defect density was measured in the 
same manner as in Example 1 , and found to be 2.0 x 
10 9 /cm 2 . 

[01 71 ] Similarly, the Rrms was measured with AFM, 
and found to be 5.0 nm. 

[0172] The crystallographic properties were evalu- 
ated using HR-XRD by the same methods as in Exam- 
ple 1. The FWHM of the XRC of an Si (004)-plane was 
2,174 arcsec. The lattice constant in a direction parallel 
to the substrate surface, and that in a direction perpen- 
dicular to the substrate surface were 5.444 A and 5.403 
A, respectively. Thus, the ratio of these lattice constants 
was 1 .0075. 

[0173] Similarly, the diffraction intensities of the Si 
(004)-plane and Si {220}-plane parallel to the substrate 
surface were compared. The ratio of these diffraction 
intensities was Si {220}/Si (004) = 0.104. 
[0174] Furthermore, a part of this SOS substrate 
was cut out, and a section of this substrate was 
observed in an Si<l 10)direction under a transmission 
electron microscope (TEM). As shown in FIG. 8A, many 
stacking faults were confirmed to exist throughout the 
silicon layer. 

[0175] Besides, an NMOS transistor and a capaci- 
tor of the same sizes as in Example 1 were prepared in 
the same manner as in Example 1 for evaluation of the 
respective items. Their device performance was evalu- 
ated by the same methods as in Example 1 . 
[01 76] The transconductance was 250 nS, the drai n 
breakdown voltage was 6.0 V, the SVG was 3 x 10" 
10 V 2 /Hz, and the ESD was 1 ,500 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 3.5 GHz. The Qbd of the gate 
oxide film was 0.02 C/cm 2 . 

Example 2 

[01 77] A 200 nm thick first silicon layer was depos- 
ited on an R-plane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosilane (SiH 4 ) 
gas as a starting material. 



[0178] Then, the composite was introduced into an 
oxidation furnace, where it was steam oxidized at 
1,000°C for 30 minutes, with 180 liters/min of hydrogen 
and 180 liters/min of oxygen being introduced. The 
s treated. composite was immersed in BHF to remove an 
oxide film on the first silicon layer. Then, the thickness of 
the seed silicon layer was measured, and found to be 
100 nm. 

[0179] Then, a second silicon layer was deposited 

w on the seed silicon layer at a growth temperature of 
750°C by UHV-CVD using disilane (Si 2 H 6 ) as a starting 
material. The thickness of the silicon layer was 200 nm. 
[0180] Further, as in the above<J escribed steps, the 
composite was introduced into an oxidation furnace, 

is where it was steam oxidized at 1 ,000°C for 30 minutes, 
with 180 liters/min of hydrogen and 180 liters/min of 
oxygen being introduced. The treated composite was 
immersed in BHF to remove an oxide film on the silicon 
layer which had been formed in the previous step. Then, 

20 the thickness of the remaining seed silicon layer was 
measured, and found to be 100 nm. 
[0181] Then, a third silicon layer was similarly 
deposited on the seed silicon layer at a growth temper- 
ature of 750°C by UHV-CVD using disilane (Si 2 H 6 ) as a 

25 starting material, to prepare a desired SOS substrate. 
After growth, the total film thickness of silicon was 
measured, and found to be 200 nm. 
[0182] The defect density was measured in the 
same manner as in Example 1 , and found to be 7.5 x 

30 10 6 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 1 .0 nm. 

[0183] The crystallographic properties were evalu- 
ated using HR-XRD by the same methods as in Exam- 
ple 1. The FWHM of the XRC of an Si (004)-plane was 
35 690 arcsec. The lattice constant in a direction parallel to 
the substrate surface, and that in a direction perpendic- 
ular to the substrate surface were 5.438 A and 5.420 A, 
respectively. Thus, the ratio of these lattice constants 
was 1.0033. 

40 [0184] Similarly, the diffraction intensities of the Si 
(004)-plane and Si {220}-plane parallel to the substrate 
surface were compared. The ratio of these diffraction 
intensities was Si {220}/Si (004) = 0.044. 
[0185] Furthermore, an NMOS transistor and a 

45 capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[01 86] The transconductance was 470 pS, the drain 

so breakdown voltage was 8. 1 V, the SVG was 1 .2 x 10' 
12 V 2 /Hz, and the ESD was 2,700 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 5.9 GHz. The Qbd of the gate 
oxide film was 1 .8 C/cm 2 . 

55 

Example 3 

[0187] A 200 nm thick first silicon layer was depos- 
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ited on an R-plane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosilane (SiH 4 ) 
gas as a starting material. 

[0188] The silicon layer was implanted with 1 x 
10 16 /cm 2 of silicon ions having an energy of 190 keV, 5 
with the substrate being kept at a temperature of 0°C, to 
make the deep portion of the silicon layer amorphous. 
Then, the composite was heat treated in a nitrogen 
atmosphere at a temperature of 550°C for 1 hour, and 
then at a temperature of 900°C for 1 hour, to recrystal- to 
lize the silicon layer. 

[0189] Then, the treated composite was introduced 
into an oxidation furnace, where it was steam oxidized 
at 1,000°C for 30 minutes, with 180 liters/min of hydro- 
gen and 180 liters/min of oxygen being introduced. The is 
oxidized composite was immersed in BHF to remove an 
oxide film on the first silicon layer. Then, the thickness of 
the seed silicon layer was measured, and found to be 
1 00 nm. 

[0190] Then, a second silicon layer was deposited 20 
on the seed silicon layer at a growth temperature of 
750°C by UHV-CVD using disilane (Si 2 H 6 ) as a starting 
material, to prepare a desired SOS substrate. After 
growth, the total film thickness of silicon was measured, 
and found to be 200 nm. 25 
[0191] The defect density was measured in the 
same manner as in Example 1. and found to be 8.8 x 
10 6 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 1 . 1 nm. 

[0192] The crystallographic properties were evalu- 30 
ated using HR-XRD by the same methods as in Exam- 
ple 1. The FWHM of the XRC of an Si (004)-plane was 
699 arcsec. The lattice constant in a direction parallel to 
the substrate surface, and that in a direction perpendic- 
ular to the substrate surface were 5.438 A and 5.41 3 A, 35 
respectively. Thus, the ratio of these lattice constants 
was 1 .0046. 

[0193] Similarly, the diffraction intensities of the Si 
(004)-plane and Si {220}-plane parallel to the substrate 
surface were compared. The ratio of these diffraction 40 
intensities was Si {220}/Si (004) = 0.048. 
[0194] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 45 
was evaluated by the same methods as in Example 1 . 
[0195] The transconductance was 460 ^S, the drain 
breakdown voltage was 8.1 V, the SVG was 1.5 x 10* 
12 V 2 /Hz, and the ESD was 2,700 V. The radio frequency 
characteristics were also evaluated similarly, showing so 
the cut-off frequency to be 5.8 GHz. The Qbd of the gate 
oxide film was 1 .5 C/cm 2 . 

Example 4 

55 

[0196] A 200 nm thick first silicon layer was depos- 
ited on an R-piane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosilane (SiH 4 ) 
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gas as a starting material. 

[0197] Then, the composite was heat treated at 
1,100°C for 30 minutes in a hydrogen atmosphere at a 
pressure of 80 Torr. 

[0198] The silicon layer was implanted with 1 x 
10 16 /cm 2 of silicon ions having an energy of 190 keV, 
with the substrate being kept at a temperature of 0°C, to 
make the deep portion of the silicon layer amorphous. 
Then, the composite was heat treated in a nitrogen gas 
atmosphere at a temperature of 550°C for 1 hour, and 
then at a temperature of 900°C for 1 hour, to recrystal- 
lize the silicon layer. 

[0199] Then, the treated composite was introduced 
into an oxidation furnace, where it was steam oxidized 
at 1.000°C for 30 minutes, with 180 liters/min of hydro- 
gen and 180 liters/min of oxygen being introduced. The 
oxidized composite was immersed in BHF to remove an 
oxide film on the first silicon layer. Then, the thickness of 
the seed silicon layer was measured, and found to be 
100 nm. 

[0200] Then, a second silicon layer was deposited 
on the seed silicon layer at a growth temperature of 
750°C by UHV-CVD using disilane (Si 2 H 6 ) as a starting 
material, to prepare a desired SOS substrate. After 
growth, the total film thickness of silicon was measured, 
and found to be 200 nm. 

[0201] The defect density was measured in the 
same manner as in Example 1 . and found to be 6.2 x 
10 6 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 0.9 nm. 

[0202] The crystallographic properties were evalu- 
ated using HR-XRD by the same methods as in Exam- 
ple 1. The FWHM of the XRC of an Si (004)-plane was 
670 arcsec. The lattice constant in a direction parallel to 
the substrate surface, and that in a direction perpendic- 
ular to the substrate surface were 5.438 A and 5.436 A, 
respectively. Thus, the ratio of these lattice constants 
was 1 .0004. 

[0203] Similarly, the diffraction intensities of the Si 
(004)-plane and Si {220}-plane parallel to the substrate 
surface were compared. The ratio of these diffraction 
intensities was Si {220}/Si (004) = 0.036. 
[0204] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective Hems. Their device performance 
was evaluated by the same methods as in Example 1 
[0205] The transconductance was 475 *iS, the drain 
breakdown voltage was 8.2 V, the SVG was 1.2 x 10" 
12 V 2 /Hz, and the ESD was 2,800 V The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 5.9 GHz. The Qbd of the gate 
oxide film was 1 .7 C/cm 2 . 

Example 5 

[0206] A 200 nm thick first silicon layer was depos- 
ited on an R-plane sapphire substrate at a growth tem- 
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perature of 950°C by LPCVD using monosilane (SiH 4 ) 
gas as a starting material. 

[0207] The silicon layer was implanted with 1 x 
lO^/cm 2 of silicon ions having an energy of 190 keV, 
with the substrate being kept at a temperature of 0°C, to s 
make the deep portion of the silicon layer amorphous. 
Then, the composite was heat treated in a nitrogen 
atmosphere at a temperature of 550°C for 1 hour, and 
then at a temperature of 900°C for 1 hour, to recrystal- 
lize the silicon layer. w 
[0208] Then, the treated composite was introduced 
into an oxidation furnace, where it was steam oxidized 
at 1,000°C for 30 minutes, with 180 liters/min of hydro- 
gen and 180 liters/min of oxygen being introduced. The 
oxidized composite was immersed in BHF to remove an is 
oxide film on the first silicon layer. Then, the thickness of 
the seed silicon layer was measured, and found to be 
100 nm. 

[0209] Then, a second silicon layer was deposited 
on the seed silicon layer at a growth temperature of 20 
750°C by UHV-CVD using disilane (Si 2 H 6 ) as a starting 
material. 

[0210] Then, the composite was heat treated at 
1,100°C for 30 minutes in a hydrogen atmosphere at a 
pressure of 80 Torr to prepare a desired SOS substrate. 25 
[0211] The total film thickness of the resulting sili- 
con layer was measured, and found to be 200 nm. 
[0212] The defect density was measured in the 
same manner as in Example 1 , and found to be 6.6 x 
10 6 /cm 2 . Similarly, the Rrms was measured with AFM, 30 
and found to be 0.8 nm. 

[0213] The crystallographic properties were evalu- 
ated using HR-XRD by the same methods as in Exam- 
ple 1 : The FWHM of the XRC of an Si (004)-plane was 
665 arcsec. The lattice constant in a direction parallel to 35 
the substrate surface, and that in a direction perpendic- 
ular to the substrate surface were 5.438 A and 5.435 A, 
respectively. Thus, the ratio of these lattice constants 
was 1 .0005. 

[0214] Similarly, the diffraction intensities of the Si 40 
(004)-p!ane and Si {220}-plane parallel to the substrate 
surface were compared. The ratio of these diffraction 
intensities was Si {220}/.Si (004) = 0.042. 
[0215] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 45 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[021 6] The transconductance was 480 fiS. the drai n 
breakdown voltage was 8.3 V, the SVG was 1.0x10* so 
12 V 2 /Hz, and the ESD was 2,800 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 6.0 GHz. The Qbd of the gate 
oxide film was 1 .8 C/cm 2 . 

55 

Example 6 

[0217] On a silicon (100) substrate, y-AI 2 0 3 was 



deposited at a substrate temperature of 880°C by UHV- 
CVD using trimethyl aluminum and oxygen as starting 
materials. A film after growth was observed using 
RHEED (reflection high energy electron diffraction) and 
XRD. Growth of single crystalline y-AI 2 0 3 was con- 
firmed. 

[0218] On the y-AI 2 0 3 layer, a 200 nm thick first sil- 
icon layer was deposited at a growth temperature of 
950°C by UHV-CVD using disilane (Si 2 H 6 ) as a starting 
material. 

[0219] Then, the treated composite was introduced 
into an oxidation furnace, where it was steam oxidized 
at 1,000°C for 30 minutes, with 180 liters/min of hydro- 
gen and 180 liters/min of oxygen being introduced. The 
oxidized composite was immersed in BHF to remove an 
oxide film on the first silicon layer. Then, the thickness of 
the seed silicon layer was measured, and found to be 
100 nm. 

[0220] Then, a second silicon layer was deposited 
on the seed silicon layer at a growth temperature of 
750°C by UHV-CVD using disilane (Si 2 H 6 ) as a starting 
material to prepare a desired SOS substrate. 
[0221] The defect density was measured in the 
same manner as in Example 1, and found to be 3.2 x 
10 8 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 2.3 nm. 

[0222] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[0223] The transconductance was 400 ^S, the drain 
breakdown voltage was 7.5 V, the SVG was 5.2 x 10" 
12 V 2 /Hz, and the ESD was 2,200 V. The radio frequency 
characteristics were also evaluated similarly, shewing 
the cut-off frequency to be 4.8 GHz. The Qbd of the gate 
oxide film was 0.5 C/cm 2 . 

Comparative Example 2 

[0224] On a silicon (100) substrate, y-AI 2 0 3 was 
deposited at a substrate temperature of 880°C by UHV- 
CVD using trimethyl aluminum and oxygen as starting 
materials. A film after growth was observed using 
RHEED and XRD. Growth of single crystalline y-AI 2 0 3 
was confirmed. 

[0225] On the r A, 2°3 laver > a 2 ° n nm silicon 
layer was deposited at a growth temperature of 950°C 
by UHV-CVD using disilane (Si 2 H 6 ) as a starting mate- 
rial to prepare an SOI substrate. 
[0226] The defect density was measured in the 
same manner as in Example 1, and found to be 2.7 x 
10 9 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 4.8 nm. 

[0227] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
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was evaluated by the same methods as in Example 1 . 
[0228] The transconductance was 260 uS, the drain 
breakdown voltage was 6.2 V, the SVG was 3.1 x 10" 
10 V 2 /Hz, and the ESD was 1 ,500 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 3.5 GHz. The Qbd of the gate 
oxide film was 0.03 C/cm 2 . 

Comparative Example 3 

[0229] A 200 nm thick first silicon layer was depos- 
ited on an R-pIane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosilane (SiH 4 ) 
gas as a starting material. 

[0230] The silicon layer was implanted with 1 x 
10 16 /cm 2 of silicon ions having an energy of 190 keV, 
with the substrate being kept at a temperature of 0°C, to 
make the deep portion of the silicon layer amorphous. 
Then, the composite was heat treated in a nitrogen gas 
atmosphere at a temperature of 550°C for 1 hour, and 
then at a temperature of 900°C for 1 hour, for recrystal- 
lization of the silicon layer, to prepare an SOS substrate. 
[0231] The defect density was measured in the 
same manner as in Example 1 , and found to be 1.5 x 
10 9 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 4.3 nm. 

[0232] The crystallographic properties were evalu- 
ated using HR-XRD by the same methods as in Exam- 
ple 1 . The FWHM of the XRC of an Si (004)-plane was 
1,110 arcsec. The lattice constant in a direction parallel 
to the substrate surface, and that in a direction perpen- 
dicular to the substrate surface were 5.444 A and 5.406 
A, respectively. Thus, the ratio of these lattice constants 
was 1 .0070. 

[0233] Similarly, the diffraction intensities of the Si 
(004)-plane and Si {220J-plane parallel to the substrate 
surface were compared. The ratio of these diffraction 
intensities was Si {220}/Si (004) = 0.1 02. 
[0234] A part of this SOS substrate was cut out, and 
a section of this substrate was observed in an Si Cl 10) 
direction under a transmission electron microscope 
(TEM). As shown in FIG. 8B, stacking faults were con- 
firmed to exist within the silicon layer. 
[0235] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[0236] The transconductance was 350 \iS, the drain 
breakdown voltage was 7.0 V, the SVG was 1.0 x 10' 
10 V 2 /Hz, and the ESD was 1,800 V. The radio frequency 
characteristics were also evaluated similarly showing 
the cut-off frequency to be 4.2 GHz. The Qbd of the gate 
oxide film was 0.1 C/cm 2 . 

Example 7 

[0237] A 200 nm thick first silicon layer was depos- 



ited on an R-plane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosilane (SiH 4 ) 
gas as a starting material. 

[0238] The silicon layer was implanted with 1 x 
5 lO^/cm 2 of silicon ions having an energy of 190 keV, 
with the substrate being kept at a temperature of 0°C, to 
make the deep portion of the silicon layer amorphous. 
Then, the composite was heat treated in a nitrogen gas 
atmosphere at a temperature of 550°C for 1 hour, and 
w then at a temperature of 900°C for 1 hour, for recrystal- 
lization of the silicon layer. 

[0239] Then, the treated composite was introduced 
into an oxidation furnace, where it was steam oxidized 
at 1,000°C for 30 minutes, with 180 liters/min of hydro- 
is gen and 180 liters/min of oxygen being introduced. The 
oxidized composite was immersed in BHF to remove an 
oxide film on the first silicon layer. Then, the thickness of 
the seed silicon layer was measured, and found to be 
100 nm. 

20 [0240] Then, the resulting SOS substrate was intro- 
duced into a UHV-CVD reactor, and was heat treated in 
a vacuum for 30 minutes at 900°C. Subsequently, the 
surface of the film was observed using RHEED in situ. 
When an electron beam was incident in an Si (1 1 0 >direc- 

25 tion, streaks having a dear double long period structure 
were seen. Thus, the seed silicon layer was confirmed 
to have a clean, smooth silicon surface. 
[0241] Then, a second silicon layer was deposited 
in situ on the seed silicon layer using disilane (Si 2 H 6 ) as 

30 a starting material at a growth temperature of 750°C to 
prepare a desired SOS substrate. After growth, the total 
film thickness of silicon was measured, and found to be 
200 nm. 

[0242] The defect density was measured in the 
35 same manner as in Example 1, and found to be 5.0 x 
lO^cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 0.9 nm. 

[0243] The crystallographic properties were evalu- 
ated using HR-XRD by the same methods as in Exarn- 

40 pie 1. The FWHM of the XRC of an Si (004)-plane was 
653 arcsec. The lattice constant in a direction parallel to 
the substrate surface, and that in a direction perpendic- 
ular to the substrate surface were 5.436 A and 5.434 A, 
respectively. Thus, the ratio of these lattice constants 

45 was 1 .0004. Similarly, the diffraction intensities of the Si 
(004)-plane and Si {220}-plane parallel to the substrate 
surface were compared. The ratio of these diffraction 
intensities was Si {220}/Si (004) = 0.030. 
[0244] A part of this SOS substrate was cut out, and 

so a section of this substrate was observed in an Si (1 1 0 ) 
direction under a transmission electron microscope 
(TEM). As shown in FIG. 8C. crystalline defects were 
confirmed to disappear throughout the silicon layer. 
[0245] Furthermore, an NMOS transistor and a 

55 capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
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[0246] The transconductance was 500 jiS, the drain 
breakdown voltage was 8.5 V, the SVG was 1.0 x 10" 
12 V 2 /Hz p and the ESD was 3,000 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 6.5 GHz. The Qbd of the gate 5 
oxide film was 2.4 C/cm 2 . 

Example 8 

[0247] A 200 nm thick first silicon layer was depos- 10 
ited on an R-plane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosilane (SiH 4 ) 
gas as a starting material. 

[0248] Then, the composite was introduced into an 
oxidation furnace, where it was dry oxidized at 1 ,000°C is 
for 360 minutes, with 180 liters/min of oxygen being 
introduced. The oxidized composite was immersed in 
BHF to remove an oxide film on the first silicon layer. 
Then, the thickness of the seed silicon layer was meas- 
ured, and found to be 100 nm. 20 
[0249] Then, a second silicon layer was deposited 
on the seed silicon layer at a growth temperature of 
750°C by UHV-CVD using disilane (Si 2 H 6 ) as a starting 
material, to prepare a desired SOS substrate. After 
growth, the total film thickness of silicon was measured. 25 
and found to be 200 nm. 

[0250] The defect density was measured in the 
same manner as in Example 1. and found to be 5.0 x 
10 7 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 2.0 nm. 30 
[0251] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 35 
[0252] The transconductance was 430 pS, the drain 
breakdown voltage was 7.8 V, the SVG was 3.5 x 10' 
12 V 2 /Hz ( and the ESD was 2,400 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 5.2 GHz. The Qbd of the gate 40 
oxide film was 0.8 C/cm 2 . 

Example 9 

[0253] A 200 nm thick first silicon layer was depos- 45 
ited on an R-plane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosilane (SiH 4 ) 
gas as a starting material. 

[0254] Then, the composite was introduced into an 
oxidation furnace, where it was steam oxidized at 900°C so 
for 90 minutes, with 1 80 liters/min of hydrogen and 1 80 
liters/min of oxygen being introduced. The oxidized 
composite was immersed in BHF to remove an oxide 
film on the first silicon layer. Then, the thickness of the 
seed silicon layer was measured, and found to be 100 ss 
nm. 

[0255] Then, a second silicon layer was deposited 
on the seed silicon layer at a growth temperature of 



750°C by UHV-CVD using disilane (Si 2 H 6 ) as a starting 
material, to prepare a desired SOS substrate. After 
growth, the total film thickness of silicon was measured, 
and found to be 200 nm. 

[0256] The defect density was measured in the 
same manner as in Example 1, and found to be 6.0 x 
10 7 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 1 .7 nm. 

[0257] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[0258] The transconductance was 430 ^S, the drain 
breakdown voltage was 7.7 V, the SVG was 4.0 x 10* 
12 V 2 /Hz, and the ESD was 2,400 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 5.2 GHz. The Qbd of the gate 
oxide film was 0.7 C/cm 2 . 

Example 10 

[0259] A 200 nm thick first silicon layer was depos- 
ited on an R-plane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosilane (SiH 4 ) 
gas as a starting material. 

[0260] Then, the composite was introduced into an 
oxidation furnace, where it was steam oxidized at 
1,100°C for 15 minutes, with 180 liters/min of hydrogen 
and 180 liters/min of oxygen being introduced. The oxi- 
dized composite was immersed in BHF to remove an 
oxide film on the first silicon layer. Then, the thickness of 
the seed silicon layer was measured, and found to be 
100 nm. 

[0261] Then, a second silicon layer was deposited 
on the seed silicon layer at a growth temperature of 
750°C by UHV-CVD using disilane (Si 2 H 6 ) as a starting 
material, to prepare a desired SOS substrate. After 
growth, the total film thickness of silicon was measured, 
and found to be 200 nm. 

[0262] The defect density was measured in the 
same manner as in Example 1, and found to be 3.5 x 
10 7 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 1 .5 nm. 

[0263] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[0264] The transconductance was 450 \iS, the drain 
breakdown voltage was 8.1 V. the SVG was 2.1 x 10" 
12 V 2 /Hz, and the ESD was 2.500 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 5.4 GHz. The Qbd of the gate 
oxide film was 1.2 C/cm 2 . 
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Example 1 1 

[0265] A 200 nm thick first silicon layer was depos- 
ited on an R-plane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosilane (SiH 4 ) 5 
gas as a starting material. 

[0266] The silicon layer was implanted with 1 x 
10 16 /cm 2 of silicon ions having an energy of 190 keV, 
with the substrate being kept at a temperature of 0°C, to 
make the deep portion of the silicon layer amorphous. io 
Then, the composite was heat treated in a nitrogen gas 
atmosphere at a temperature of 550°C for 1 hour, and 
then at a temperature of 900° C for 1 hour, for recrystal- 
lization of the silicon layer. 

[0267] Then, the composite was introduced into an 15 
oxidation furnace, where it was steam oxidized at 
1 ,000°C for 30 minutes, with 180 liters/min of hydrogen 
and 180 liters/min of oxygen being introduced. The oxi- 
dized composite was immersed in BHF to remove an 
oxide film on the first silicon layer. Then, the thickness of 20 
the seed silicon layer was measured, and found to be 
100 nm. 

[0268] Then, a second silicon layer was deposited 
on the seed silicon layer at a growth temperature of 
750°C by UHV-CVD using disilane (Si 2 H 6 ) as a starting 25 
material, to prepare a desired SOS substrate. 
[0269] To improve the surface flatness of this SOS 
substrate, CMP (chemical mechanical polishing) was 
performed to polish out the silicon layer measuring 45 
nm. After polishing, the thickness of the silicon layer 30 
was measured, and found to be 190 nm. 
[0270] The defect density was measured in the 
same manner as in Example 1 , and found to be 2.4 x 
10 7 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 0.3 nm. 35 
[0271] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 40 
[0272] The transconductance was 440 nS. the drain 
breakdown voltage was 8.2 V, the SVG was 1.9 x 10* 
12 V 2 /Hz, and the ESD was 2,600 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 5.3 G Hz. The Qbd of the gate 45 
oxide film was 1 .5 C/cm 2 . 

Example 12 

[0273] A 200 nm thick first silicon layer was depos- so 
ited on an R-plane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosilane (SiH 4 ) 
gas as a starting material. 

[0274] Then, the composite was introduced into an 
oxidation furnace, where it was steam oxidized at ss 
1,000°C for 30 minutes, with 180 liters/min of hydrogen 
and 180 liters/min of oxygen being introduced. The oxi- 
dized composite was immersed in BHF to remove an 



oxide film on the first silicon layer to prepare a desired 
SOS film. The thickness of the silicon layer was 1 00 nm, 
[0275] The defect density was measured in the 
same manner as in Example 1, and found to be 7.1 x 
lO^cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 2.3 nm. 

[0276] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[0277] The transconductance was 420 fiS, the drain 
breakdown voltage was 7,7 V, the SVG was 3.5 x 10" 
12 V 2 /Hz, and the ESD was 2,400 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 5.2 GHz. The Qbd of the gate 
oxide film was 0.7 C/cm 2 . 

Example 13 

[0278] A 200 nm thick first silicon layer was depos- 
ited on an R-plane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosilane (SiH 4 ) 
gas as a starting material. 

[0279] The silicon layer was implanted with 1 x 
10 16 /cm 2 of silicon ions having an energy of 190 keV, 
with the substrate being kept at a temperature of 0°C, to 
make the deep portion of the silicon layer amorphous. 
Then, the composite was heat treated in a nitrogen gas 
atmosphere at a temperature of 550°C for 1 hour, and 
then at a temperature of 900°C for 1 hour, for recrystal- 
lization of the silicon layer. 

[0280] Then, the composite was introduced into an 
oxidation furnace, where it was steam oxidized at 
1,000°C for 30 minutes, with 180 liters/min of hydrogen 
and 180 liters/min of oxygen being introduced. The oxi- 
dized composite was immersed in BHF to remove an 
oxide film on the first silicon layer and prepare a desired 
SOS film. The thickness of the silicon layer was 1 00 nm. 
[0281] The defect density was measured in the 
same manner as in Example 1, and found to be 3.1 x 
10 7 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 2.1 nm. 

[0282] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[0283] The transconductance was 440 \iS, the drain 
breakdown voltage was 7.9 V, the SVG was 2.0 x 10' 
12 V 2 /Hz, and the ESD was 2,500 V The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 5.3 GHz. The Qbd of the gate 
oxide film was 1 .2 C/cm 2 . 

Example 14 

[0284] A 200 nm thick first silicon layer was depos- 
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ited on an R-plane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosilane (SiH 4 ) 
gas as a starting material. 

[0285] Then, the composite was heat treated at 
1,100°C for 30 minutes in a hydrogen atmosphere at a 
pressure of 80 Torr. 

[0286] The silicon layer was implanted with 1 x 
lO^/cm 2 of silicon ions having an energy of 190 keV, 
with the substrate being kept at a temperature of 0°C, to 
make the deep portion of the silicon layer amorphous. 
Then, the composite was heat treated in a nitrogen 
atmosphere at a temperature of 550°C for 1 hour, and 
then at a temperature of 900°C for 1 hour, for recrystal- 
lization of the silicon layer. 

[0287] Then, the composite was introduced into an 
oxidation furnace, where it was steam oxidized at 
1,000°C for 30 minutes, with 180 liters/min of hydrogen 
and 180 liters/min of oxygen being introduced. The oxi- 
dized composite was immersed in BHF to remove an 
oxide film on the first silicon layer and prepare a desired 
SOS film. The thickness of the silicon layer was 100 nm. 
[0288] The defect density was measured in the 
same manner as in Example 1, and found to be 2.9 * 
10 7 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 1.1 nm. 

[0289] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[0290] The transconductance was 440 fiS, the drain 
breakdown voltage was 7.9 V, the SVG was 1.5 x 10" 
12 V 2 /Hz, and the ESD was 2,500 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 5.3 GHz. The Qbd of the gate 
oxide film was 1 .4 C/cm 2 . 

Example 15 

[0291] A 200 nm thick silicon layer was deposited 
on an R-plane sapphire substrate at a growth tempera- 
ture of 950°C by LPCVD using monosilane (SiH 4 ) gas 
as a starting material. Then, the composite was heat 
treated at 1,150°C for 1 hour in a hydrogen atmosphere 
at a pressure of 80 Torr to prepare an SOS substrate. 
[0292] The defect density was measured in the 
same manner as in Example 1, and found to be 3.0 x 
10 8 /cm 2 Similarly, the Rrms was measured with AFM, 
and found to be 1.5 nm. 

[0293] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 tor evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[0294] The transconductance was 390 jiS. the drain 
breakdown voltage was 7.7 V, the SVG was 4.5 x 10* 
12 V 2 /Hz ( and the ESD was 2,100 V. The radio frequency 
characteristics were also evaluated similarly, showing 



the cut-off frequency to be 4.6 GHz. The Qbd of the gate 
oxide film was 0.5 C/cm 2 . 

Example 16 

5 

[0295] An SOS substrate having a silicon layer 
thickness of 200 nm was prepared in the same manner 
as in Example 15, except that the pressure of hydrogen 
during the heat treatment in the hydrogen atmosphere 

10 was set at 760 Torr. 

[0296] The defect density was measured in the 
same manner as in Example 1, and found to be 2.5 x 
10 8 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 1 .5 nm. 

75 [0297] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 

20 [0298] The transconductance was 380 jiS, the drain 
breakdown voltage was 7.7 V, the SVG was 4.4 * 10' 
12 V 2 /Hz, and the ESD was 2,100 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 4.5 GHz. The Qbd of the gate 

25 oxide film was 0.5 C/cm 2 . 

Example 17 

[0299] An SOS substrate having a silicon layer 
30 thickness of 200 nm was prepared in the same manner 
as in Example 15, except that the temperature during 
the heat treatment in the hydrogen atmosphere was set 
at 1 ,050°C. 

[0300] The defect density was measured in the 
35 same manner as in Example 1, and found to be 3.5 x 
10 8 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 1 .5 nm. 

[0301] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 

40 pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[0302] The transconductance was 375 u.S, the drain 
breakdown voltage was 7.7 V, the SVG was 4.6 x 10" 

45 12 V 2 /Hz, and the ESD was 2,100 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 4.4 GHz. The Qbd of the gate 
oxide film was 0.5 C/cm 2 . 

so Example 18 

[0303] An SOS substrate having a silicon layer 
thickness of 200 nm was prepared in the same manner 
as in Example 15. except that the duration of the heat 
55 treatment in the hydrogen atmosphere was set at 10 
minutes. 

[0304] The defect density was measured in the 
same manner as in Example 1, and found to be 3.7 x 
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10 8 /cm 2 . Similarly, the Rrms was measured with AFM, 
and fourv:) to be 1 .8 nm. 

[0305] Furthermore, an NMOS transistor and a 
capacitor the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[0306] The transconductance was 375 nS, the drain 
breakdown voltage was 7.5 V the SVG was 5.6 x 10' 
12 V 2 /Hz ( and the ESD was 2, 1 00 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 4.4 GHz. The Qbd of the gate 
oxide film was 0.4 C/cm 2 . 

Example 19 

[0307] A 200 nm thick silicon layer was deposited 
on an R-plane sapphire substrate at a growth tempera- 
ture of 950°C by LPCVD using monosiiane (SiH 4 ) gas 
as a starting material. 

[0308] The silicon layer was implanted with 1 x 
10 16 /cm 2 of silicon ions having an energy of 190 keV, 
with the substrate being kept at a temperature of 0°C, to 
make the deep portion of the silicon layer amorphous. 
Then, the composite was heat treated in a nitrogen gas 
atmosphere at a temperature of 550°C for 1 hour,, and 
then at a temperature of 900°C for 1 hour. 
[0309] Then, the composite was heat treated at 
1 ,1 50°C for 1 hour in a hydrogen atmosphere at a pres- 
sure of 80 Torr to prepare an SOS substrate. 
[0310] The defect density was measured in the 
same manner as in Example 1 , and found to be 8.0 x 
10 7 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 0.8 nm. 

[0311] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[031 2] The transconductance was 435 nS, the drain 
breakdown voltage was 7.9 V, the SVG was 3.0 x 10 
12 V 2 /Hz, and the ESD was 2,500 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 5.2 GHz. The Qbd of the gate 
oxide film was 1 .0 C/cm 2 . 

Example 20 

[0313] On a silicon (100) substrate, r AI 2°3 was 
deposited at a substrate temperature of 880°C by UHV- 
CVD using trimethyl aluminum and oxygen as starting 
materials. A film after growth was observed using 
RHEED and XRQ Growth of single crystalline y-AI 2 0 3 
was confirmed. 

[0314] On the rAI 2 0 3 layer, a 200 nm thick silicon 
layer was deposited at a growth temperature of 950°C 
by UHV-CVD using disilane (Si 2 H 6 ) as a starting mate- 
rial to prepare an SOI substrate. 



[0315] Then, the composite was heat treated at 
1 ,1 50°C for 1 hour in a hydrogen atmosphere at a pres- 
sure of 80 Torr to prepare an SOI substrate. 
[0316] The defect density was measured in the 
5 same manner as in Example 1 , and found to be 3.0 x 
10 8 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be1.5nm. 

[0317] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 

10 pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[031 8] The transconductance was 380 *iS, the drain 
breakdown voltage was 7.5 V. the SVG was 6.0 x 10" 

75 12 V 2 /Hz, and the ESD was 2,1 00 V The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 4.5 GHz. The Qbd of the gate 
oxide film was 0.5 C/cm 2 . 

20 Example 21 

[0319] A 100 nm thick first silicon layer was depos- 
ited on an R-plane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosiiane (SiH 4 ) 

25 gas as a starting material. At this time, supply of the 
monosiiane gas was suspended. With the composite 
being placed in a growth chamber, the substrate tem- 
perature was raised to 1 ,150°C. and a hydrogen gas at 
a pressure of 80 Torr was introduced to apply heat treat- 

30 ment for 1 hour. Then, monosiiane gas was supplied 
again to the growth chamber to further deposit a 1 00 nm 
thick silicon layer on the silicon seed layer at a substrate 
temperature of 700°C. In this manner, an SOS substrate 
having a silicon layer thickness of 200 nm was pre- 

35 pared. 

[0320] The defect density was measured in the 
same manner as in Example 1, and found to be 2.0 x 
10 8 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 1 .0 nm. 

40 [0321] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 

45 [0322] The transconductance was 390 jiS, the drain 
breakdown voltage was 7.8 V, the SVG was 5.0 x 10" 
12 V 2 /Hz, and the ESD was 2,300 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 4.6 GHz. The Qbd of the gate 

so oxide film was 0.6 C/cm 2 . 

Examp l e 22 

[0323] A 1 00 nm thick first silicon layer was depos- 
55 ited on an R-plane sapphire substrate at a growth tem- 
perature of 950°C by LPCVD using monosiiane (SiH 4 ) 
gas as a starting material. 

[0324] The silicon layer was implanted with 5 x 
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"lO^/cm 2 of silicon ions having an energy of 150 keV, 
with the substrate being kept at a temperature of 0°C, to 
make the deep portion or the silicon layer amorphous. 
Then, the composite was heat treated in a nitrogen 
atmosphere at a temperature of 550°C for 1 hour, and 5 
then at a temperature of 900°C for 1 hour. Then, the 
composite was heat treated at 1,150°C for 1 hour in a 
hydrogen atmosphere at a pressure of 80 Torr. 
[0325] Then, monosilane gas was supplied again to 
a growth chamber to further deposit a 1 00 nm thick sili- 10 
con layer on the silicon seed layer at a substrate tem- 
perature of 700°C. In this manner, an SOS substrate 
having a silicon layer thickness of 200 nm was pre- 
pared. 

[0326] The defect density was measured in the is 
same manner as in Example 1, and found to be 7.3 x 
10 6 /cm 2 . Similarly, the Rrms was measured with AFM, 
and found to be 1 .0 nm. 

[0327] The crystallographic properties were evalu- 
ated using HR-XRD by the same methods as in Exam- 20 
pie 1. The FWHM of the XRC of an St (004)-plane was 
681 arcsec. The lattice constant in a direction parallel to 
the substrate surface, and that in a direction perpendic- 
ular to the substrate surface were 5.439 A and 5.421 A, 
respectively. Thus, the ratio of these lattice constants 25 
was 1 .0033. Similarly, the diffraction intensities of the Si 
(004)-plane and Si {220}-plane parallel to the substrate 
surface were compared. The ratio of these diffraction 
intensities was Si {220}/Si (004) = 0.044. 
[0328] Furthermore, an NMOS transistor and a 30 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[0329] The transconductance was 480 u.S, the drain 35 
breakdown voltage was 8.1 V, the SVG was 1.8 x 10" 
12 V 2 /Hz, and the ESD was 2,800 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 6.0 GHz. The Qbd of the gate 
oxide film was 2.0 C/cm 2 . 40 

Example 23 

[0330] A 200 nm thick first silicon layer was depos- 
ited on an R-plane sapphire substrate at a growth tern- 45 
perature of 950°C by LPCVD using monosilane (SiH 4 ) 
gas as a starting material. 

[0331] Then, the composite was heat treated at 
1 ,150°C for 1 hour in a hydrogen atmosphere at a pres- 
sure of 80 Torr. so 
[0332] The silicon layer was implanted with 1 * 
lO^/cm 2 of silicon ions having an energy of 190 keV, 
with the substrate being kept at a temperature of 0°C. to 
make the deep portion of the silicon layer amorphous. 
Then, the composite was heat treated in a nitrogen gas 55 
atmosphere at a temperature of 550°C for 1 hour, and 
then at a temperature of 900°C for 1 hour. 
[0333] The defect density was measured in the 
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same manner as in Example 1, and found to be 6.8 x 
10 7 /cm 2 Similarly, the Rrms was measured with AFM, 
and found to be 1 .4 nm. 

[0334] Furthermore, an NMOS transistor and a 
capacitor of the same sizes as in Example 1 were pre- 
pared in the same manner as in Example 1 for evalua- 
tion of the respective items. Their device performance 
was evaluated by the same methods as in Example 1 . 
[0335] The transconductance was 420 ^iS, the drain 
breakdown voltage was 7.8 V, the SVG was 3.5 x 10" 
12 V 2 /Hz, and the ESD was 2.500 V. The radio frequency 
characteristics were also evaluated similarly, showing 
the cut-off frequency to be 5.2 GHz. The Qbd of the gate 
oxide film was 1 .0 C/cm 2 . 

INDUSTRIAL APPLICABILITY 

[0336] As described above, according to the 
present invention, a silicon layer with very few crystal- 
line defects and having satisfactory surface flatness can 
be formed on an insulating layer on silicon substrate, 
such as a single crystalline oxide substrate comprising 
sapphire or the like, or a multiple-layer substrate com- 
prising a silicon substrate and a crystalline oxide layer 
deposited thereon, such as a layer of a-AI 2 0 3 , y-AI 2 0 3 , 
0-AI 2 O 3 , MgO*AI 2 0 3 , Ce0 2 , SrTiQ 3 , (Zr^.YJOy 
Pb(Zr,Ti)0 3 , LiTa0 3 , or LiNb0 3 , or a crystalline fluoride 
layer, such as a layer of CaF 2 . Thus, it becomes possi- 
ble to prepare on the SOI substrate of the invention a 
device with enhanced device performance and reliabil- 
ity, such as reduced flicker noise, a raised operating 
speed, increased gate oxide film breakdown voltage 
and increased ESD, which have been unattainable with 
conventional SOS substrates. 

Claims 

1. An SOI substrate comprising an insulating layer on 
silicon substrate, and a crystalline silicon layer epi- 
taxially grown on the insulating layer on silicon sub- 
strate, the insulating layer on silicon substrate being 
composed of a single crystalline oxide substrate, or 
a multiple-layer substrate comprising a silicon sub- 
strate and a crystalline oxide layer or fluoride layer 
deposited on the silicon substrate, wherein 

the defect density of the crystalline silicon layer 
is not more than 4 x 10 8 /cm 2 , and the surface 
roughness of the crystalline silicon layer is not 
more than 4 nm but not less than 0.05 nm. 

2. The SOI substrate of claim 1 , wherein the defect 
density of the crystalline silicon layer is not more 
than 4 x l0 8 /cm in an entire depth direction. 

3. The SOI substrate of claim 1 , wherein the defect 
density of the crystalline silicon layer is not more 
than 1 x 10 7 /cm 2 . 
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4. The SOI substrate of claim 1, wherein the defect 
density of the crystalline silicon layer is not more 
than 1 x 10 7 /cm 2 in an entire depth direction. 

5. The SOI substrate of claim 1 , wherein the full width 5 
at half maximum of the X-ray diffraction rocking 
curve of a (004)-peak in the crystalline silicon layer, 
grown parallel to the surface of the substrate, is not 
more than 1,000 arcsec but not less than 100 arc- 
sec. 10 

6. The SOI substrate of claim 1, wherein the lattice 
constant of a silicon (lOO)-plane in the crystalline 
silicon layer perpendicular to the surface of the sub- 
strate is not less than 5.41 angstroms but not more 75 
than 5.44 angstroms. 

7. The SOI substrate of claim 1, wherein the lattice 
constant of a silicon (001)-ptane in the crystalline 
silicon layer parallel to the surface of the substrate 20 
is not more than 5.44 angstroms but not less than 
5.41 angstroms. 

8. The SOI substrate of claim 1, wherein the ratio of 

the lattice constant of a silicon (001)-plane in the 25 
crystalline silicon layer parallel to the surface of the 
substrate to the lattice constant of a silicon (100)- 
plane in the crystalline silicon layer perpendicular to 
the surface of the substrate is not more than 1 .005 
but not less than 0.995. 30 

9. The SOI substrate of claim 1 , wherein the ratio of 
the intensity of a 220-reflection to the intensity of a 
004-ref lection in the crystalline silicon layer parallel 

to the surface of the substrate, both reflections 35 
determined in X-ray diffraction measurement, is not 
more than 0.1. 

1 0. The SOI substrate of claim 1 , wherein the insulating 
layer on silicon substrate is the single crystalline 40 
oxide substrate, and the single crystalline oxide 
substrate is a sapphire substrate. 

1 1 . The SOI substrate of claim 1 , wherein the insulating 
layer on silicon substrate is the multiple-layer sub- 45 
strate, and the crystalline oxide layer deposited on 

the silicon substrate as a substrate of the multiple- 
layer substrate comprises any of a-AI 2 0 3 , y-AI 2 0 3 , 
0-AI 2 O 3 , MgO*AI 2 0 3 , Ce0 2 , SrTi0 3 , (Zr^.Y^Oy 
Pb(Zr,Ti)0 3 , LiTa0 3 , and LiNb0 3 , and the fluoride so 
layer comprises CaF 2 . 

12. A method for producing an SOI substrate having a 
silicon layer with a low defect density formed on an 
insulating layer on silicon substrate, comprising the 55 
steps of: 

(a) forming a silicon layer on the insulating layer 



on silicon substrate; 

(b) heat treating the silicon layer in an oxidizing 
atmosphere to oxidize a part of a surface side 
of the silicon layer; and 

(c) removing a silicon oxide film formed in the 
preceding step (b) by etching. 

13. A method for producing an SOI substrate having a 
silicon layer with a low defect density formed on an 
insulating layer on silicon substrate, comprising the 
steps of: 

(a) forming a first silicon layer on the insulating 
layer on silicon substrate; 

(b) heat treating the first silicon layer in an oxi- 
dizing atmosphere to oxidize a part of a surface 
side of the first silicon layer; 

(c) removing a silicon oxide film formed in the 
preceding step (b) by etching; and 

(d) epitaxially growing a second silicon layer on 
the remaining first silicon layer. 

14. The method of claim 13, further comprising repeat- 
ing the steps (b) to (d) two or more times on condi- 
tion that a silicon layer formed in the step (d) is 
regarded as the first silicon layer formed in the step 
(a). 

1 5. The method of any one erf claims 12 to 14, wherein 
the oxidizing atmosphere contains a gas mixture of 
oxygen and hydrogen, or contains steam. 

1 6. The method of any one of claims 12 to 14, wherein 
the temperature of heat treatment in the oxidizing 
atmosphere is not lower than 600°C but not higher 
than 1,300°C. 

17. The method of any one of claims 12 to 14, wherein 
the temperature of heat treatment in the oxidizing 
atmosphere is not lower than 800°C but not higher 
than 1,200°C. 

18. The method of claim 13 or 14, wherein the temper- 
ature for epitaxial growth of the second silicon layer 
on the remaining first silicon layer is not lower than 
550°C but not higher than 1 ,050°C. 

19. The method of claim 13 or 14, wherein the temper- 
ature for epitaxial growth of the second silicon layer 
on the remaining first silicon layer is not lower than 
650°C but not higher than 950°C. 

20. The method of claim 13 or 14, wherein the remain- 
ing first silicon layer is heat treated in a hydrogen 
atmosphere or in a vacuum before the step of epi- 
taxially growing the second silicon layer on the 
remaining first silicon layer. 
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21. The method of claim 13 or 14, wherein no silicon 
oxide is formed on the surface of the remaining first 
silicon layer or in the second silicon layer in the step 
of epitaxially growing the second silicon layer on the 
remaining first silicon layer. 5 

22. The method of claim 13 or 14, wherein the base 
pressure of a growth chamber in an apparatus used 
in epitaxially growing the second silicon layer on the 
remaining first silicon layer is set at 10" 7 Torr or less. io 

23. The method of daim 1 3 or 1 4, wherein a method for 
epitaxially growing the second silicon layer on the 
remaining first silicon layer is UHV-CVD or MBE. 

15 

24. The method of claim 1 3 or 1 4, wherein when epitax- 
ially growing the second silicon layer on the remain- 
ing first silicon layer, a growth temperature is set to 
be high only at an initial stage of growth. 

20 

25. The method of claim 24, wherein a method for epi- 
taxially growing the second silicon layer is APCVD 
or LPCVD. 

26. The method of claim 12, further including the step 25 
of heat treating the SOI substrate in a nitrogen 
atmosphere after the step of removing the silicon 
oxide film by etching. 

27. The method of claim 13 or 14, further including the 30 
step of heat treating the SOI substrate in a nitrogen 
atmosphere after the step of epitaxially growing the 
second silicon layer. 

28. The method of claim 26 or 27, further including the 35 
step of heat treating the SOI substrate in an oxidiz- 
ing atmosphere after the step of heat treating the 
SOI substrate in the nitrogen atmosphere. 

29. The method of claim 12, further including the step 40 
of heat treating the SOI substrate in a hydrogen 
atmosphere after the step of removing the silicon 
oxide film by etching. 

30. The method of claim 13 or 14, further including the 45 
step of heat treating the SOI substrate in a hydro- 
gen atmosphere after the step of epitaxially growing 

the second silicon layer. 

31 . The method of claim 29 or 30, wherein the temper- so 
ature of the heat treatment in a hydrogen atmos- 
phere is not lower than 800°C but not higher than 
1,200°C. 

32. The method of any one of claims 12 to 31. further ss 
including the step of implanting silicon ions immedi- 
ately after the step of forming the first silicon layer, 

to make a deep portion of the silicon layer amor- 
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phous, and performing annealing for recrystalliza- 
tion. 

33. The method of claim 32, wherein the annealing is 
performed first in a nitrogen atmosphere, and then 
performed in an oxidizing atmosphere. 

34. The method of claim 33, further including the step 
of removing a silicon oxide film by etching after the 
annealing in the oxidizing atmosphere. 

35. The method of claim 12, further comprising the step 
of applying chemical and/or mechanical polishing to 
the silicon layer after the step of removing the sili- 
con oxide film by etching. 

36. The method of claim 13 or 14, further comprising 
the step of applying chemical and/or mechanical 
polishing to the silicon layer after the step of epitax- 
ially growing the second silicon layer. 

37. The method of any one of claims 12 to 36, wherein 
the step of forming the first silicon layer on the insu- 
lating layer on silicon substrate is the step of epitax- 
ially growing the first silicon layer on the insulating 
layer on silicon substrate. 

38. The method of any one of claims 12 to 37, wherein 
the insulating layer on silicon substrate is a single 
crystalline oxide substrate. 

39. The method of claim 38, wherein the insulating 
layer on silicon substrate is a sapphire substrate. 

40. The method of any one of claims 12 to 37, wherein 
the insulating layer on silicon substrate is a multi- 
ple-layer substrate comprising a silicon substrate 
as a substrate and a crystalline oxide layer or fluo- 
ride layer deposited on the silicon substrate. 

41. The method of claim 40, wherein the crystalline 
oxide layer comprises any of a-AI 2 0 3 , Y-AI2O3, 0- 
Al 2 0 3 , MgO*AI 2 0 3 , Ce0 2 , SrTO 3 , (Zr^x.YjJOy, 
Pb(Zr,Ti)0 3 , LiTa0 3 , and UNb0 3 , and the crystal- 
line fluoride layer comprises CaF 2 . 

42. A method for producing an SOI substrate having a 
silicon layer with a low defect density formed on an 
insulating layer on silicon substrate, comprising the 
step of: 

heat treating the silicon layer in a hydrogen 
atmosphere after forming the silicon layer on 
the insulating layer on silicon substrate. 

43. A method for producing an SOI substrate having a 
silicon layer with a low defect density formed on an 
insulating layer on silicon substrate, comprising the 
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steps of: 

(a) forming a first silicon layer on the insulating 
layer on silicon substrate; 

(b) heat treating the first silicon layer in a hydro- 
gen atmosphere; and 

(c) epitaxially growing a second silicon layer on 
the first silicon layer heat treated in a hydrogen 
atmosphere. 

44. The method of claim 43, wherein the steps (a) to (c) 
are performed in situ. 

45. The method of any one of claims 42 to 44, wherein 
the temperature of the heat treatment in a hydrogen 
atmosphere is not lower than 800°C but not higher 
than 1,200°C. 

46. The method of any one of claims 42 to 45, further 
including the step of implanting silicon ions immedi- 
ately after the step of forming the first silicon layer, 
to make a deep portion of the silicon layer amor- 
phous, and performing annealing for recrystalliza- 
tion. 

47. The method of claim 42 or 43. further including the 
step of implanting silicon ions immediately after the 
step of heat treating the first silicon layer in a hydro- 
gen atmosphere, to make a deep portion of the sili- 
con layer amorphous, and performing annealing for 
recrystallization. 

48. The method of claim 46 or 47, wherein the anneal- 
ing is performed first in a nitrogen atmosphere, and 
then performed in an oxidizing atmosphere. 

49. The method of daim 48, further including the step 
of removing a silicon oxide film by etching after the 
annealing in the oxidizing atmosphere. 

50. The method of claim 42, further comprising the step 
of applying chemical and/or mechanical polishing to 
the silicon layer after the step of heat treating the 
silicon layer in a hydrogen atmosphere. 

51 . The method of claim 43, further comprising the step 
of applying chemical and/or mechanical polishing to 
the silicon layer after the step of epitaxially growing 
the second silicon layer. 

52. The method of any one of claims 42 to 51 , wherein 
the step of forming the first silicon layer on the insu- 
lating layer on silicon substrate is the step of epitax- 
ially growing the first silicon layer on the insulating 
layer on silicon substrate. 

53. The method of any one of claims 42 to 51 , wherein 
the insulating layer on silicon substrate is a single 



crystalline oxide substrate. 

54. The method of claim 53, wherein the single crystal- 
line oxide substrate is a sapphire substrate. 

5 

55. The method of any one of claims 42 to 51 , wherein 
the insulating layer on silicon substrate is a multi- 
ple-layer substrate comprising a silicon substrate 
as a substrate and a crystalline oxide layer or fluo- 

10 ride layer deposited on the silicon substrate. 

56. The method of claim 55, wherein the crystalline 
oxide layer comprises any of a-AI 2 0 3> r A| 2 0 3. e ~ 
Al 2 0 3 , MgO-AI 2 0 3 , Ce0 2 , SrTi0 3 , (Zr^.YJOy, 

15 Pb(2r,Ti)0 3 , LiTa0 3 , and UNb0 3 , and the crystal- 
line fluoride layer comprises CaF 2 . 

57. An SOI substrate produced by the method of any 
one of claims 12 to 41. 

20 

58. An SOI substrate produced by the method of any 
one of claims 42 to 56. 

59. A semiconductor device having an SOI substrate 
25 used as a substrate, wherein the SOI substrate of 

any one of claims 1 to 11 is used as the SOI sub- 
strate, whereby device performance is improved. 

60. The semiconductor device of claim 59, which is at 
30 least one of a field effect transistor and a bipolar 

transistor, and wherein the device performance 
improved by using the SOI substrate of any one of 
claims 1 to 1 1 as the SOI substrate of the semicon- 
ductor device are at least one of transconductance, 
35 cut-off frequency, flicker noise, and electrostatic 
discharge. 

61. The semiconductor device of claim 59. which is 
MOSFET, and wherein the device performance 

40 improved by using the SOI substrate of any one of 
claims 1 to 1 1 as the SOI substrate of the semicon- 
ductor device are at least one of transconductance, 
cut-off frequency, flicker noise, electrostatic dis- 
charge, drain breakdown voltage, and dielectric 

45 breakdown charge density 

62. The semiconductor device of claim 59, which is a 
bipolar transistor, and wherein the device perform- 
ance improved by using the SOI substrate of any 

so one of claims 1 to 11 as the SOI substrate of the 
semiconductor device are at least one of transcon- 
ductance, cut-off frequency collector current, leak- 
age current characteristics, and current gain. 

55 63. The semiconductor device of claim 59. which is a 
diode, and wherein the device performance 
improved by using the SOI substrate of any one of 
claims 1 to 1 1 as the SOI substrate of the semicon- 
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ductor device are at least one of reverse leakage 
current characteristics, forward bias current, and 
ideality factor. 

64. The semiconductor device of claim 59, which is a 
semiconductor integrated circuit, and wherein the 
device performance improved by using the SOI 
substrate of any one of claims 1 to 11 as the SOI 
substrate of the semiconductor device are at least 
one of frequency characteristic, noise characteris- 
tic, amplification characteristic, and dissipation 
power consumption characteristic. 

65. The semiconductor device of claim 59, which is a 
semiconductor integrated circuit composed of 
MOSFET, and wherein the device performance 
improved by using the SOI substrate of any one of 
claims 1 to 1 1 as the SOI substrate of the semicon- 
ductor device are at least one of frequency charac- 
teristic, noise characteristic, amplification 
characteristic, and dissipation power consumption 
characteristic. 

66. A semiconductor device having an SOI substrate 
used as a substrate, wherein an SOI substrate pro- 
duced by the method of any one of claims 12 to 41 
is used as the SOI substrate, whereby device per- 
formance is improved. 

67. A semiconductor device having an SOI substrate 
used as a substrate, wherein an SOI substrate pro- 
duced by the method of any one of claims 42 to 56 
is used as the SOI substrate, whereby device per- 
formance is improved. 

68. The semiconductor device of claim 66 or 67, which 
is at least one of a field effect transistor and a bipo- 
lar transistor, and wherein the device performance 
is at least one of transconductance, cut-off fre- 
quency, flicker noise, and electrostatic discharge. 

69. The semiconductor device of claim 66 or 67, which 
is MOSFET, and wherein the device performance is 
at least one of transconductance, cut-off frequency, 
flicker noise, electrostatic discharge, drain break- 
down voltage, and dielectric breakdown charge 
density. 

70. The semiconductor device of claim 66 or 67, which 
is a bipolar transistor, and wherein the device per- 
formance is at least one of transconductance. cut- 
off frequency, collector current, leakage current 
characteristics, and current gain. 

71 . The semiconductor device of claim 66 or 67, which 
is a diode, and wherein the device performance is 
at least one of reverse leakage current characteris- 
tic, forward bias current, and ideality factor. 



72. The semiconductor device of claim 66 or 67, which 
is a semiconductor integrated circuit, and wherein 
the device performance is at least one of frequency 
characteristic, noise characteristic, amplification 

5 characteristic, and dissipation power consumption 
characteristic. 

73. The semiconductor device of claim 66 or 67, which 
is a semiconductor integrated circuit composed of 

w MOSFET, and wherein the device performance is at 
least one of frequency characteristic, noise charac- 
teristic, amplification characteristic, and dissipation 
power consumption characteristic. 

75 74. A method for producing a semiconductor device on 
an SOI substrate comprising an insulating layer on 
silicon substrate, and a silicon layer formed on the 
insulating layer on silicon substrate, comprising the 
steps of: 

20 

(a) forming a first silicon layer on the insulating 
layer on silicon substrate; 

(b) heat treating the first silicon layer in an oxi- 
dizing atmosphere to oxidize a part of a surface 

25 side of the first silicon layer; 

(c) removing a silicon oxide film formed in the 
preceding step (b) by etching; 

(d) epitaxially growing a second silicon layer on 
the remaining first silicon layer; and 

30 (e) heat treating a silicon layer, formed in the 

preceding step (d), in an oxidizing atmosphere 
to oxidize a part of a surface side of the silicon 
layer, and then removing a silicon oxide film, 
which has been formed, by etching to adjust 

35 the silicon layer to a desired thickness. 

75. The method of claim 74, further including the step 
of implanting silicon ions after the step of forming 
the first silicon layer, to make a deep portion of the 

40 silicon layer amorphous, and performing annealing 
for recrystallization. 

76. The method of claim 74, further comprising the step 
of heat treating a silicon layer in a hydrogen atmos- 

45 phere after the step (d) of epitaxially growing the 
second silicon layer. 

77. The method of claim 74, further comprising apply- 
ing chemical and/or mechanical polishing to a sili- 

50 con layer before or after the step (e). 

78. A method for producing a semiconductor device on 
an SOI substrate comprising an insulating layer on 
silicon substrate, and a silicon layer formed on the 

55 insulating layer on silicon substrate, including the 
steps of: 

(a) forming a silicon layer on the insulating layer 
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on silicon substrate; 

(b) heat treating the silicon layer in a hydrogen 
atmosphere; and 

(c) heat treating the silicon layer in an oxidizing 
atmosphere to oxidize a part of a surface side s 
of the silicon layer, and then removing a silicon 
oxide film, which has been formed, by etching 

to adjust the silicon layer to a desired thick- 
ness. 

w 

79. The method of claim 78, further including the step 
of implanting silicon ions after the step of forming 
the first silicon layer, to make a deep portion of the 
silicon layer amorphous, and performing annealing 

for recrystallization. is 

80. The method of claim 78, further comprising per- 
forming chemical and/or mechanical polishing of 
the silicon layer before or after the step (c). 

20 

81. A method for producing a semiconductor device on 
an SOI substrate comprising an insulating layer on 
silicon substrate, and a silicon layer formed on the 
insulating layer on silicon substrate, comprising the 
steps of: 25 

(a) forming a first silicon layer on the insulating 
layer on silicon substrate; 

(b) heat treating the first silicon layer in a hydro- 
gen atmosphere; 30 

(c) epitaxially growing a second silicon layer on 
the first silicon layer heat treated in a hydrogen 
atmosphere; and 

(d) heat treating a silicon layer, formed in the 
step (c), in an oxidizing atmosphere to oxidize a 35 
part of a surface side of the silicon layer, and 
then removing a silicon oxide film, which has 
been formed, by etching to adjust the silicon 
layer to a desired thickness. 

40 

82. The method of claim 81, further including the step 
of implanting silicon ions after the step of forming 
the first silicon layer, to make a deep portion of the 
silicon layer amorphous, and performing annealing 

for recrystallization. 45 

83. The method of claim 81 , further comprising apply- 
ing chemical and/or mechanical polishing to the 
resulting silicon layer before or after the step (d). 

50 
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FIG.4B 
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FIG.4D 
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